SEA-FINDING  BEHAVIOR 
AND  THE  USE  OF  PHOTIC  ORIENTATION  CUES 
BY  HATCHLING  SEA  TURTLES 


By 


BLAIR  E.  WITHERINGTON 


A DISSERTATION  PRESENTED  TO  THE  GRADUATE  SCHOOL 
OF  THE  UNIVERSITY  OF  FLORIDA  IN  PARTIAL  FULFILLMENT 
OF  THE  REQUIREMENTS  FOR  THE  DEGREE  OF 
DOCTOR  OF  PHILOSOPHY 

UNIVERSITY  OF  FLORIDA 

1992 


UNIVERSITY  OF  FLORIDA  UBRARIE 


To  Charles  and  Jean  Witherington,  Paul  S.  Olmstead,  and  Jo  Miranda 


ACKNOWLEDGEMENTS 


First  and  foremost  I thank  my  parents  Charles  and  Jean  Witherington,  grandfather 
Paul  S.  Olmstead,  and  Jo  Miranda,  whose  love  and  encouragement  strengthened  my 
resolve  to  pursue  this  task.  Further  thanks  and  admiration  go  to  my  major  advisor  Karen 
Bjomdal  who  offered  both  technical  and  philosophical  advice  these  past  years  of  study.  I 
also  am  grateful  to  my  other  committee  members,  Jane  Brockmann,  John  Kaufmann, 
Harvey  Lilly  white,  and  Franklin  Percival,  and  to  Alan  Bolten  who,  although  not  listed  on 
my  committee,  provided  invaluable  counsel  on  a range  of  subjects. 

My  field  work  in  Costa  Rica  hinged  on  the  guidance  and  aid  of  Kazuo  Horikoshi, 
Carlos  Diez,  Perren  Ross,  Anny  Chavez,  Mario  and  Diana  Alvarado,  and  Elver 
Gutierrez.  Likewise,  my  efforts  in  Florida  at  Cape  Canaveral,  Melbourne  Beach,  Indian 
River  County,  and  Delray  Beach  were  assisted  by  Cathy  and  Dave  McCabe,  Ray  Carthy, 
Richard  Owen,  Jamie  Guseman,  Steve  Johnson,  Mark  Roberts,  Paul  Raymond,  Rick 
Boschen,  Don  George,  Mark  Mercadante,  Mike  Salmon,  Barbara  Schroeder,  Jeanette 
Wyneken,  Todd  Holderfield,  Warren  Hancock,  and  Lew  Ehrhart  and  his  students.  I am 
especially  grateful  for  access  to  the  study  areas  of  Lew  Ehrhart,  Cheryl  Ryder,  and  Mike 
Horton,  and  to  the  computer  of  Kazuo  Horikoshi.  For  help  with  . the  construction  of 
apparatus  I thank  John  Pipkins,  and  for  the  use  of  the  Licor  spectroradiometer  I thank 
Jane  Provancha  and  Ray  Wheeler  of  Bionetics. 


ui 


The  Florida  Department  of  Natural  Resources,  Brevard  County  Commission,  Cape 
Canaveral  Air  Force  Station,  and  the  Servicio  de  Parques  Nacionales  de  Costa  Rica  all 
granted  permits  under  which  I conducted  my  work.  Special  assistance  was  offered  by 
Ross  Wilcox  of  Florida  Power  and  Light  Company,  and  Earl  Possardt  of  the  U.S.  Fish 
and  Wildlife  Service.  I am  grateful  to  Archie  Carr,  who  introduced  me  to  the  zoology 
graduate  program  at  the  University  of  Florida,  and  for  their  input  on  my  ideas  I thank 
Nicholas  Mrosovsky,  Mike  Salmon,  and  Jeanne  Mortimer.  My  work  was  funded  by 
Florida  Power  and  Light  Company,  the  National  Fish  and  Wildlife  Foundation,  the  U.S. 
Fish  and  Wildlife  Service,  Greenpeace,  the  Caribbean  Conservation  Corporation,  and  the 
U.S.  Air  Force. 


IV 


TABLE  OF  CONTENTS 


ACKNOWLEDGEMENTS  iii 

LIST  OF  TABLES  viii 

LIST  OF  FIGURES ix 

ABSTRACT  xiv 

CHAPTERS 

1 INTRODUCTION  1 

2 TEMPORAL  PATTERN  OF  NOCTURNAL 

EMERGENCE  FROM  NATURAL  NESTS  5 

Introduction 5 

Methods 5 

Results  and  Discussion 6 

3 ORIENTATION  WITH  RESPECT  TO 

LIGHT  INTENSITY  AND  WAVELENGTH  11 

Introduction H 

Methods 14 

Hatchlings  14 

Light  Measurements 15 

Beach  Hatchling  Releases 16 

Two-choice  Color  Preference  Experiments  17 

Apparatus 17 

Treatments 19 

Circular  Pitfall-arena  Experiments  21 

Apparatus 21 

Treatments 22 

Beach  Cylinder  Experiments 24 

Apparatus 24 

Treatments 24 


v 


Results 25 

Beach  Hatchling  Releases 25 

Two-choice  Color  Preference  Experiments  27 

Hatchling  behavior  27 

Adjustable  source  vs.  standard  source 28 

Adjustable  source  vs.  darkened  window  28 

Circular  Pitfall-arena  Experiments  29 

Beach  Cylinder  Experiments 30 

Discussion 31 

Spectral  Information  on  the  Nesting  Beach  31 

Range  of  Spectral  Sensitivity 32 

Spectral  Quality  Assessment 35 

Spectral  Implications  for  Brightness  39 

4 ORIENTATION  WITH  RESPECT  TO 

LIGHT  DIRECTION,  SHAPE  AND  POLARITY  91 

Introduction 91 

Methods 96 

Hatchlings 96 

Azimuthal  Angle  of  Acceptance  Experiments 96 

Apparatus  and  light  measurements 96 

Treatments 98 

Vertical  Angle  Preference  Experiments  99 

Apparatus  and  light  measurements 99 

Treatments 100 

Hatchling  Orientation  and  ARD  Beach  Measurements  101 

Form  Vision  Ability  Experiments 102 

Apparatus  and  light  measurements 102 

Treatments 102 

Form  Vision  Deprivation  Experiments 104 

Apparatus 104 

Treatments 104 

Polarization  Preference  Experiments 105 

Apparatus  and  light  measurements 105 

Treatments 106 

Results 107 

Azimuthal  Angle  of  Acceptance  Experiments 107 

Vertical  Angle  Preference  Experiments  107 

Hatchling  Orientation  and  ARD  Beach  Measurements  108 

Form  Vision  Ability  Experiments 109 

Stripes-gray  experiments 109 

Black-white-gray  experiment 110 

Form  Vision  Deprivation  Experiments Ill 

Polarization  Preference  Experiments Ill 

Discussion 112 


vi 


Directional  Implications  for  Brightness 112 

Tests  of  Brightest  Direction  Orientation 115 

Form  Vision  vs.  Brightest  Direction  Orientation 116 

5 EFFECTS  OF  ANTHROPOGENIC  LIGHTING 

ON  SEA-FINDING  ORIENTATION  161 

Introduction 161 

Methods 164 

Hatchlings 164 

Commercial  Lighting  Experiments,  Loggerhead  Hatchlings 165 

Commercial  Lighting  Experiments,  Green  Turtle  Hatchlings  167 

Light-mixing  Experiments  169 

Orientation  and  Light  Measurements  on  a Lighted  Beach  170 

Results 172 

Commercial  Lighting  Experiments,  Loggerhead  Hatchlings 172 

Commercial  Lighting  Experiments,  Green  Turtle  Hatchlings  173 

Light-mixing  Experiments  173 

Orientation  and  Light  Measurements  on  a Lighted  Beach  174 

Discussion 175 

Commercial  Lighting  and  Hatchling  Orientation 175 

Implications  for  Sea  Turtle  Conservation  178 

6 SUMMARY  AND  CONCLUSIONS 229 

REFERENCE  LIST 234 

BIOGRAPHICAL  SKETCH  241 


vii 


LIST  OF  TABLES 


Table  3-1.  Light  source  radiance  and  irradiance  required  to  evoke  significant 

orientation  in  groups  of  30  loggerhead  hatchlings 41 

Table  3-2.  Mean  angle  and  directivity  (r)  for  groups  of  30  loggerhead  hatchlings  . 42 

Table  4-1.  Results  of  multiple  comparison  tests  among  treatment  groups  in 

vertical  angle  preference  experiments  120 

Table  5-1.  Illuminance  levels  (in  lux)  measured  at  the  center  (hatchling  release 

point)  of  the  beach  orientation  arena  preceding  light-mixing  experiments  ...  181 

Table  5-2.  Results  of  nonparametric  tests  for  direction  and  dispersion  between 
experimental  and  control  treatment  groups  of  hatchling  loggerheads 
released  at  the  center  of  a circular  arena  182 


vm 


LIST  OF  FIGURES 


Figure  2-1.  Temporal  distribution  of  loggerhead  hatchling  emergence  events  ....  9 

Figure  3-1.  Schematic  diagram  of  the  V-maze  and  light  sources  used  in  two- 

choice,  color  preference  experiments 43 

Figure  3-2.  Relative  transmittance  of  13  interference  filters  used  in  experiments 

with  colored  light 45 

Figure  3-3.  Schematic  diagram  of  the  light  source  and  arena  used  in  circular 

pitfall-arena  experiments  47 

Figure  3-4.  Spectral  light  transmittance  for  the  clear  acrylic  cylinder  used  in 

beach  cylinder  experiments 49 

Figure  3-5.  Spectral  light  transmittance  for  the  clear  acrylic  cylinder  with  blue 

acetate  filter  used  in  beach  cylinder  experiments 51 

Figure  3-6.  Spectral  transmittance  for  the  clear  acrylic  cylinder  with  gray-tint 

film  used  in  beach  cylinder  experiments 53 

Figure  3-7.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  near 

Launch  Complex  16,  Cape  Canaveral  Air  Force  Station,  Florida, 

on  the  night  of  26-27  August  1990,  0010-0025  55 

Figure  3-8.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  near 

Camera  Road  A,  Cape  Canaveral  Air  Force  Station,  on  the  night  of 
26-27  August  1990,  0140-0155  57 

Figure  3-9.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  5.7  km 
south  of  Sebastian  Inlet  in  Indian  River  County,  Florida,  on  the 
night  of  6-7  August  1990,  2310-2320  59 

Figure  3-10.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  5.7  km 
south  of  Sebastian  Inlet  in  Indian  River  County,  Florida,  on  the 
night  of  27-28  August  1990,  0130-0240  ’ 61 


ix 


Figure  3-11.  Irradiance  spectra  taken  in  the  direction  of  the  ocean  (160°)  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral 
Air  Force  Station,  Florida,  at  sunrise  on  the  morning  of  29  August 
1990  63 

Figure  3-12.  Irradiance  spectra  taken  in  the  direction  of  the  sun  (80°)  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral 
Air  Force  Station,  Florida,  at  sunrise  on  the  morning  of  29  August 
1990  65 

Figure  3-13.  Irradiance  spectra  taken  in  the  direction  of  the  dune  (340°)  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral 
Air  Force  Station,  Florida,  at  sunrise  on  the  morning  of  29  August 
1990  67 

Figure  3-14.  The  proportion  of  30  loggerhead  hatchlings  released  in  the  V-maze 
choosing  a light  source  varying  among  the  wavelengths  and 
intensities  specified  (adjustable  source),  over  a source  of  constant 
color  and  intensity  (standard  source) 69 

Figure  3-15.  The  proportion  of  30  green  turtle  hatchlings  released  in  the  V-maze 

choosing  the  adjustable  source  over  the  standard  source  71 

Figure  3-16.  The  proportion  of  30  hawksbill  hatchlings  released  in  the  V-maze 

choosing  the  adjustable  source  over  the  standard  source  73 

Figure  3-17.  The  proportion  of  30  olive  ridley  hatchlings  released  in  the  V-maze 

choosing  the  adjustable  source  over  the  standard  source 75 

Figure  3-18.  The  proportion  of  30  hatchlings  of  each  of  four  sea  turtle  species 
choosing  the  adjustable  light  source  at  an  intensity  of  17.2  log  units 
for  the  wavelengths  specified,  over  a darkened  window  77 

Figure  3-19.  Circular  histograms  showing  the  orientation  of  loggerhead 

hatchlings  released  within  the  circular  pitfall-arena  79 

Figure  3-20.  Circular  histograms  of  the  orientation  of  loggerhead  hatchlings 

released  within  the  circular  pitfall-arena 81 

Figure  3-21.  Behavioral  sensitivity  of  loggerhead  hatchlings  to  spectral  light  as 
measured  by  the  inverse  of  the  light  source  radiance  required  to 
evoke  a significant  orientation  distribution 83 

Figure  3-22.  Circular  histograms  of  the  orientation  of  loggerhead  hatchlings 
released  within  the  circular  pitfall-arena.  The  figure  shows  both 
attraction  and  aversion  responses  g5 


x 


87 


Figure  3-23.  The  orientation  of  loggerhead  hatchlings  (n=81,  each  treatment) 
within  clear  acrylic  cylinders  surrounded  by  either  blue,  gray,  or 
no  filter  (clear)  

Figure  3-24.  Behavioral  and  action  responses  to  spectral  light  in  hatchling  green 

turtles 89 

Figure  4-1.  Schematic  diagram  of  the  light  source  and  arena  used  in  azimuthal 
angle  of  acceptance  and  form  vision  ability  experiments  (mural 
arena) 121 

Figure  4-2.  Schematic  diagram  of  the  light  source  and  arena  used  in  source 
vertical  angle  and  polarization  preference  experiments  (spherical 
arena) 123 

Figure  4-3.  Spectral  light  transmittance  for  the  clear  acrylic  cylinder  with 

waxpaper  filter  used  in  form  vision  deprivation  experiments 125 

Figure  4-4.  Light  measurement  and  hatchling  orientation  data  for  azimuthal 

angle  of  acceptance  experiments 127 

Figure  4-5.  The  orientation  of  loggerhead  hatchlings  within  the  spherical  arena 

in  vertical  angle  preference  experiments 129 

Figure  4-6.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Camera  Road  A,  Cape 
Canaveral  Air  Force  Station,  Florida,  measured  at  sunrise  on  the 
morning  of  16  August  1990  131 

Figure  4-7.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Camera  Road  A,  Cape 
Canaveral  Air  Force  Station,  Florida,  measured  on  the  night  of  8-9 
August  1990  133 

Figure  4-8.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Camera  Road  A,  Cape 
Canaveral  Air  Force  Station,  Florida,  measured  on  the  night  of  7-8 
August  1990  135 

Figure  4-9.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Launch  Complex  16,  Cape 
Canaveral  Air  Force  Station,  Florida,  measured  on  the  night  of  10- 
11  August  1990  137 

Figure  4-10.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Launch  Complex  16,  Cape 


xi 


Canaveral  Air  Force  Station,  Florida,  measured  on  the  night  of  26- 
27  August  1990  139 

Figure  4-11.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  near  Camera  Road  A,  Cape 
Canaveral  Air  Force  Station,  Florida,  measured  on  the  night  of  26- 
27  August  1990  141 

Figure  4-12.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  5.7  km  south  of  Sebastian  Inlet  in 
Indian  River  County,  Florida,  measured  on  the  night  of  27-28 
August  1990  143 

Figure  4-13.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  5.7  km  south  of  Sebastian  Inlet  in 
Indian  River  County,  Florida,  measured  on  the  night  of  29-30 
August  1990  145 

Figure  4-14.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation 
on  the  loggerhead  nesting  beach  at  Delray  Beach,  Florida, 
measured  on  the  night  of  14-15  September  1990  147 

Figure  4-15.  Light  measurement  and  hatchling  orientation  data  for  form  vision 

ability,  stripes-gray  experiments 149 

Figure  4-16.  Light  measurement  and  hatchling  orientation  data  for  form  vision 

ability,  stripes-gray  experiments 151 

Figure  4-17.  Light  measurement  and  hatchling  orientation  data  for  form  vision 

ability,  stripes-gray  experiments 153 

Figure  4-18.  Light  measurement  and  hatchling  orientation  data  for  form  vision 

ability,  black-white-gray  experiments 155 

Figure  4-19.  Circular  histograms  showing  the  orientation  of  loggerhead 

hatchlings  (n=30,  each  treatment)  within  clear  acrylic  cylinders 
surrounded  by  either  gray,  waxpaper,  or  no  filter  (clear)  in  form 
vision  deprivation  experiments 157 

Figure  4-20.  The  orientation  of  loggerhead  hatchlings  within  the  spherical  arena 

in  polarization  preference  experiments 159 

Figure  5-1.  Beach  arena  used  in  beach  orientation  experiments  showing  the 

placement  of  pitfalls  and  light  source Ig3 


Xll 


Figure  5-2.  Quantum  emission  spectrum  of  the  white  incandescent  tungsten 

lamp  (WHITE)  used  in  beach  orientation  experiments  185 

Figure  5-3.  Quantum  emission  spectrum  of  the  yellow-tinted  incandescent 

tungsten  lamp  (BUG)  used  in  beach  orientation  experiments 187 

Figure  5-4.  Quantum  emission  spectrum  of  the  red  incandescent  tungsten  lamp 

(RED)  used  in  beach  orientation  experiments 189 

Figure  5-5.  Quantum  emission  spectrum  of  the  high  pressure  sodium  vapor 

lamp  (HPS)  used  in  beach  orientation  experiments 191 

Figure  5-6.  Quantum  emission  spectrum  of  the  low  pressure  sodium  vapor 

lamp  (LPS)  used  in  beach  orientation  experiments 193 

Figure  5-7.  Quantum  emission  spectrum  of  the  mercury  vapor  lamp  (MV)  used 

in  beach  orientation  experiments 195 

Figure  5-8.  Circular  histograms  showing  the  orientation  of  loggerhead 

hatchlings  (n=30,  each  treatment)  on  the  beach  at  Indian  River 
County,  Florida 197 

Figure  5-9.  Circular  histograms  showing  the  orientation  of  green  turtle 

hatchlings  (n=30,  each  treatment)  in  a 4 m diameter  arena  on  the 
beach  at  Tortuguero,  Costa  Rica  199 

Figure  5-10.  Circular  histograms  showing  the  orientation  of  green  turtle 

hatchlings  (n=30,  each  treatment)  in  a 4 m diameter  arena  on  the 
beach  at  Tortuguero,  Costa  Rica  201 

Figure  5-11.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 203 

Figure  5-12.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 205 

Figure  5-13.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 207 

Figure  5-14.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 209 

Figure  5-15.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 211 


XUl 


213 


Figure  5-16.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 
treatment)  on  the  beach  at  Indian  River  County,  Florida  .... 

Figure  5-17.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 215 

Figure  5-18.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 217 

Figure  5-19.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each 

treatment)  on  the  beach  at  Indian  River  County,  Florida 219 

Figure  5-20.  Circular  histograms  showing  the  orientation  of  loggerhead 

hatchlings  (n=30,  each  treatment)  on  the  beach  at  Delray  Beach, 

Florida  221 

Figure  5-21.  Circular  histograms  showing  the  orientation  of  loggerhead 

hatchlings  (n=30,  each  treatment)  on  the  beach  at  Delray  Beach, 

Florida  223 

Figure  5-22.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  at  Delray 
Beach,  Florida,  on  the  night  when  eight  LPS  luminaires  on  the 
dune  backing  the  beach  (230°-310°)  were  illuminated  225 

Figure  5-23.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  at  Delray 
Beach,  Florida,  on  the  night  when  eight  LPS  luminaires  on  the 
dune  backing  the  beach  were  not  illuminated 227 


xiv 


Abstract  of  Dissertation  Presented  to  the  Graduate  School 
of  the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 
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Studies  were  undertaken  to  determine  the  timing  and  photic  nature  of  sea-finding 
behavior  in  hatchling  sea  turtles  leaving  the  nest,  and  how  anthropogenic  lighting  disrupts 
this  ability.  A survey  of  loggerhead  hatchling  (Caretta  caretta)  emergence  activity  on  a 
nesting  beach  revealed  that  emergence  and  sea-finding  occurred  in  a uni-modal 
distribution  peaking  near  midnight.  Laboratory  studies  to  determine  the  behavioral 
sensitivity  of  hatchlings  to  spectral  light  showed  that  loggerheads,  green  turtles  (Chelonia 
mydas),  hawksbills  (Eretmochelvs  imbricata).  and  olive  ridleys  (Lepidochelvs  olivacea) 
were  most  sensitive  (attracted)  to  monochromatic  sources  of  short-wavelength  light  (320- 
360  to  500-560  nm).  Loggerhead  hatchlings  differed  from  other  species  in  displaying  an 
aversion  for  light  in  the  yellow  region  (580-630  nm;  xanthophobia).  Xanthophobia  in 
loggerheads  occurred  at  moonlit-night  radiance  levels  and  higher;  at  lower  levels 
loggerheads  showed  a weak  attraction  to  yellow.  Color-mixing  experiments  showed  that 
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attractive  (e.g.,  white  light)  sources  enriched  with  yellow  light  became  less  attractive  to 
loggerheads.  Discounting  of  yellow  light  also  was  seen  in  green  turtles  as  evinced  by  a 
disparity  between  behavioral  sensitivity  and  published  electrophysiological  data. 
Discounting  of  yellow-rich  sources  may  aid  sea-finding  where  celestial  sources  near  the 
horizon  oppose  the  ocean  direction. 

A brightness  detector  whose  brightest  direction  measurements  matched  loggerhead 
hatchling  orientation  in  a controlled  light  field  (angle  of  acceptance =180°  azimuthally, 
60°  vertically)  was  used  to  test  brightest  direction  orientation  (BDO)  on  nesting  beaches. 
Often,  hatchling  orientation  was  not  predicted  by  BDO.  In  artificial  light  fields  with 
opposing  horizons  solid  and  vertically  striped,  loggerhead  hatchlings  oriented  in  the 
brightest  direction  irrespective  of  shapes  (contrasting  stripes)  in  highly  directional  light 
fields  and  away  from  shapes  irrespective  of  brightest  direction  in  less  directional  light 
fields.  Form  vision  deprivation  experiments  in  the  field  demonstrated  the  necessity  for 
shape  orientation  when  the  seaward  direction  was  not  brightest.  Color,  brightness  and 
shape  cues  appear  to  form  an  integrated  set  of  rules  rather  than  a hierarchy. 

Experiments  with  commercial  luminaires  showed  low  pressure  sodium  vapor 
(LPS)  to  be  the  light  source  least  disruptive  to  sea-finding  in  hatchling  sea  turtles.  The 
substitution  of  LPS  for  more  disruptive  sources  and  the  continuation  of  efforts  to  darken 
nesting  beaches  are  recommended. 
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CHAPTER  1 
INTRODUCTION 


Sea  turtles  deposit  eggs  in  nests  on  oceanic  beaches.  Following  a period  of 
incubation,  hatchlings  emerge  from  these  nests  and  immediately  crawl  toward  the  sea. 
Except  under  certain  unnatural  conditions  (Verheijen,  1985),  this  movement  is  unerring, 
as  one  might  predict  based  on  the  consequences  of  failure.  Hatchling  sea  turtles  that  are 
physically  kept  from  the  sea  or  that  have  their  sea-finding  thwarted  by  unnatural  stimuli 
incur  mortality  due  to  exhaustion,  desiccation,  predation,  and  other  sources  (McFarlane, 
1963;  Philibosian,  1976;  Mann,  1978;  Witherington,  pers.  observ.).  Sea  turtle  hatchlings 
appear  to  perform  this  vital  sea-finding  behavior  to  the  exclusion  of  other  behaviors 
including  predator  avoidance,  and  under  a great  variety  of  topographical  and 
meteorological  conditions.  The  robust  nature  of  the  sea-finding  response  in  sea  turtles 
makes  this  behavior  an  excellent  model  for  the  study  of  animal  orientation. 

The  question  of  how  neonate,  naive  hatchling  sea  turtles  locate  the  sea  from  the 
beach  has  been  the  subject  of  numerous  investigations.  Early  studies  included 
observations  linking  behavior  with  environmental  stimuli  (Hooker,  1907,  1908ab)  and 
used  experimental  approaches  to  elucidate  the  sea-finding  cues  used  by  hatchling  sea 
turtles  (Hooker,  1911;  Parker,  1922;  Daniel  and  Smith,  1947ab;  Carr  and  Ogren,  1960). 

A principal  conclusion  of  these  early  studies  was  that  sea-finding  orientation  in  hatchling 
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sea  turtles  is  primarily  dependent  on  the  assessment  of  visual  cues.  A number  of 
observations  support  this  contention. 

1.  Bilaterally  blindfolded  hatchlings  circle,  or  remain  inactive,  appearing  unable  to  orient 
directly  to  the  sea  (Daniel  and  Smith,  1947a;  Carr  and  Ogren,  1960;  Mrosovsky  and 
Shettleworth,  1968,  1974;  Rhijn,  1979a). 

2.  The  placement  of  visual  stimuli  such  as  light  shields  (Hooker,  1911;  Parker,  1922; 
Carr  and  Ogren,  1960;  Mrosovsky  and  Shettleworth,  1968,  1975)  and  artificial 
(anthropogenic)  lighting  (Daniel  and  Smith,  1947a;  Hendrickson,  1958;  McFarlane,  1963; 
Mann,  1978)  greatly  interferes  with  hatchling  sea-finding  performance. 

3.  Placement  of  hatchlings  at  locations  out-of-sight  of  the  sea  (as  judged  by 
experimenters)  but  open  to  nonvisual  stimuli  precludes  orientation  in  the  seaward  direction 
(Hooker,  1908;  Daniel  and  Smith,  1947a;  Carr  and  Ogren,  1960;  Mrosovsky,  1970). 

Although  hatchling  sea  turtles  may  be  able  to  respond  to  some  nonvisual  cues, 
specifically  beach  slope  (Rhijn,  1979a),  these  cues  are  apparently  ambiguous  enough  to 
provide  little  reference  to  blindfolded  hatchlings  and  have  little  or  no  bearing  on  the 
movement  of  hatchlings  orienting  to  light  stimuli.  In  short,  light  stimuli  are  the  principal 
and  overriding  cues  that  provide  information  with  which  hatchling  sea  turtles  judge  the 
seaward  direction.  Light,  however,  is  not  a singular  quality  but  is  characterized  by 
several  properties  including  intensity,  color,  shape,  directivity,  polarity,  motion,  and 
periodicity,  of  which  any  one  or  combination  may  provide  information  for  orienting 
hatchlings. 

The  environmental  conditions  under  which  hatchlings  must  use  light  cues  to  locate 
the  sea  are  varied.  I have  observed  sea  turtle  hatchlings  orient  accurately  to  the  sea 
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during  the  morning,  midday,  and  night,  and  when  conditions  were  sunny,  cloudy,  raining, 
moonlit,  and  with  no  moon.  The  simplest  and  most  likely  strategy  for  sea-finding  under 
such  varied  scenarios  is  the  use  of  one  or  more  simple  rules-of-thumb  to  dictate 
orientation.  In  this  usage,  rules-of-thumb  are  rules  that,  if  followed  by  orienting 
hatchlings,  would  direct  them  to  the  ocean  under  most  conditions.  Intuitively,  a number 
of  photic  attributes  may  accurately  identify  the  ocean  direction  even  under  varied  photic 
conditions  and,  thus,  form  the  basis  for  rules-of-thumb  for  sea-finding.  For  example,  the 
ocean  horizon  is  more  likely  to  have  higher  radiance  due  to  greater  exposure  of  sky,  a 
greater  proportion  of  light  subtending  a lower  vertical  angle  due  to  beach  slope,  a greater 
proportion  of  horizontally  polarized  light  due  to  water  reflectance,  and  less  visual 
structure  than  competing  directions.  One  of  these  generalizations  or  multiple 
generalizations,  employed  uniformly  or  conditionally,  could  define  a set  of  rules  by  which 
the  seaward  direction  might  be  accurately  judged  most  of  the  time. 

The  purposes  of  this  study  are  to  elucidate  the  photic  sea-finding  cues  used  by 
hatchling  sea  turtles,  how  these  cues  are  incorporated  into  rules-of-thumb  for  sea-finding, 
when  those  rules  are  employed,  and  how  predictive  those  rules  are  when  employed  by 
hatchlings  on  beaches  illuminated  by  anthropogenic  lighting.  These  goals  are  outlined  in 
the  following  chapters.  Chapter  2 addresses  the  periodicity  of  hatchling  emergence  from 
the  nest.  The  importance  of  understanding  this  phenomenon  is  twofold:  1)  Because  of  the 
great  circadian  variation  in  photic  conditions,  understanding  when  hatchlings  go  about  the 
business  of  sea-finding  is  crucial  to  discerning  how  evolution  has  shaped  the  photic 
orientation  aspects  of  the  behavior.  2)  Knowing  when  hatchlings  emerge  and  undergo 
sea-finding  allows  one  to  collect  and  use  hatchlings  in  experiments  at  an  appropriate  time. 
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Chapter  3 addresses  the  potential  photic  cues  of  intensity  and  wavelength,  and  Chapter  4 
addresses  the  potential  cues  of  shape  and  polarity.  My  goal  in  elucidating  these  photic 
cues  is  to  couple  discoveries  of  how  hatchlings  can  respond  under  experimental  conditions 
with  observations  of  how  hatchlings  do  behave  under  conditions  in  the  field.  Chapter  5 
addresses  the  problem  of  artificial  lighting  and  its  effect  on  hatchling  orientation.  Here  I 
experimentally  describe  the  phenomenon  and  test  techniques  to  mitigate  the  problem  in  the 
field.  Chapter  6 presents  conclusions  linking  the  preceding  chapters. 


CHAPTER  2 

TEMPORAL  PATTERN  OF  NOCTURNAL  EMERGENCE  FROM  NATURAL  NESTS 

Introduction 

Hatchling  sea  turtles  emerge  in  groups  from  nests  on  oceanic  beaches  and 
immediately  move  toward  the  sea.  These  temporally  discrete  emergence  events  are  the 
culmination  of  a prolonged  (1-4  d)  escape  from  the  nest  that  involves,  and  may  require, 
social  facilitation  among  siblings  (Carr  and  Hirth,  1961).  Sea  turtle  hatchlings  emerge 
primarily  at  night  (Hendrickson,  1958;  Bustard,  1967;  Neville  et  al.,  1988),  although 
early  morning  (Chavez  et  al.,  1968)  and  late  afternoon  (Witzell  and  Banner,  1980) 
emergences  are  also  known.  In  loggerhead  turtles  (Caretta  caretta).  these  emergence 
events  usually  involve  20  to  120  hatchlings  (Witherington,  pers.  observ.).  Emergence 
events  are  not  always  independent  units;  one  to  three  events  commonly  occur  per  nest 
(Witherington,  1986).  The  purpose  of  this  study  is  to  describe  in  detail  the  temporal 
pattern  exhibited  by  hatchling  loggerhead  turtles  emerging  from  natural  nests. 

Methods 

An  "emergence  event"  is  defined  as  the  movement  of  a group  of  ten  or  more 
hatchlings  from  a single  nest  to  the  surf.  Groups  of  fewer  than  ten  (n  = 11  of  168  groups) 
were  noted  as  stragglers  and  not  included  in  this  analysis.  Emergence  events  were 
recorded  from  natural  nests  made  by  loggerhead  turtles  on  a 1.7  km  study  beach  near 
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Melbourne  Beach,  Florida,  USA.  Substantial  numbers  of  loggerhead  turtles  (400-700 
nests  km'1  yr'1)  nest  at  this  site  (Witherington,  1986). 

Hatchling  emergence  activity  at  the  Melbourne  Beach  site  was  surveyed  from  1900 

to  0100  (evening)  and  from  0100  to  0730  (morning).  Eleven  morning  and  11  evening 

s 

surveys  were  randomly  allocated  over  a 35-day  period  between  29  July  and  1 September 
1988.  Sunset  occurred  between  1945  and  2014  h,  and  sunrise  occurred  between  0643  and 
0702  h during  this  period.  Loggerhead  hatchlings  emerge  from  nests  at  Melbourne  Beach 
from  early  July  through  October. 

Field  assistants  conducted  surveys  using  a small,  all-terrain  vehicle  (ATV)  towing 
a weighted  broom  (70  cm  wide)  between  stations  at  either  end  of  a 1.7  km  transect  every 
0.5  h.  The  path  taken  was  just  above  the  recent  high  tide  wrack.  Evidence  of  emergence 
events  was  the  presence  of  hatchling  tracks  over  the  previously  swept  path  of  the  ATV. 

A red-filtered  light  shown  at  an  acute  angle  to  the  swept  path  made  recent  hatchling  tracks 
clearly  visible  to  the  rider.  The  time  assigned  to  an  emergence  event  was  the  time  of 
departure  of  the  surveyor  from  the  previous  station.  This  method  provided  an  estimate  of 
emergence  time  with  an  error  of  less  than  ±0.5  h.  When  the  surveyor  turned  at  the  end 
of  a transect,  air  and  sand  surface  (depth  5 cm)  temperatures  were  recorded  using  a Fluke 
51  digital  telethermometer.  Temperatures  were  averaged  for  each  half  hour  interval  over 
the  entire  sampling  period. 

Results  and  Discussion 

There  were  157  hatchling  emergence  events  recorded,  occurring  between  1930 
and  0630  h.  The  timing  of  hatchling  emergence  events  (Fig.  2-1)  was  not  significantly 
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different  from  a normal  distribution  (Kolmogorov-Smimov  goodness  of  fit,  D =0.056, 
Pimentel  and  Smith,  1986)  with  peak  activity  between  2300  and  midnight.  Hatchling 
emergence  times  on  a North  Carolina  beach  (n=51)  had  a distribution  similar  to  that 
reported  here  (Fig.  2-1),  but  shifted  to  earlier  in  the  evening  with  peak  activity  at  2000  h 
(Neville  et  al.,  1988).  This  shift  may  be  a result  of  differences  in  temperature  patterns, 
but  appropriate  data  are  not  available  to  test  this  hypothesis.  Loggerhead  hatchlings  from 
19  clutches  buried  in  individual  boxes  and  maintained  in  a house  trailer  on  Merritt  Island, 
Florida,  emerged  between  1900  and  0200  h (Demmer,  1981). 

The  daily  periodicity  of  hatchling  emergence  suggests  strong  selection  against 
diurnal  emergences.  Although  the  upper  thermal  tolerance  limits  have  not  been 
determined  for  sea  turtle  hatchlings,  mid-afternoon  sand  surface  temperatures  (commonly 
as  high  as  55  C at  Melbourne  Beach)  are  probably  sufficient  for  hyperthermic  mortality. 

If  hatchlings  are  not  killed  by  high  temperatures  during  diurnal  emergences,  the  heat 
lowers  their  activity  level,  leaving  them  vulnerable  to  predation  for  a longer  time 
(Mrosovsky,  1968).  Predation  is  much  greater  on  hatchlings  that  emerge  during  the  day 
than  on  those  that  emerge  at  night  because  predators  (primarily  birds)  are  more  active  and 
because  hatchlings  are  more  visible  (Stancyk,  1982).  The  only  predator  known  to  take 
emerging  hatchlings  at  night  on  Melbourne  Beach  is  the  ghost  crab,  Ocvpode  ouadrata.  It 
is  apparently  a minor  predator;  less  than  one  hatchling  was  taken  from  each  of  48 
clutches  (Witherington,  1986). 

Hendrickson  (1958),  Bustard  (1967)  and  Mrosovsky  (1968)  presented  evidence 
that  thermal  cues  are  important  in  triggering  hatchling  sea  turtle  emergence.  Mrosovsky 
(1968)  reported  that  emergence  in  hatchling  green  turtles,  Chelonia  mvdas.  occurs  at  or 
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below  the  threshold  temperature  of  28.5  C.  In  this  study,  hatchling  emergence  began  as 
sand  surface  temperatures  dropped  from  approximately  34  to  30  C;  a rapid  decrease  in 
temperature  may  be  an  important  thermal  cue  for  the  timing  of  emergence  events  (Fig.  2- 
1).  My  results  are  similar  to  those  of  Hendrickson  (1958),  who  reported  that  a 
temperature  above  33  C deterred  activity  in  emerging  green  turtle  hatchlings.  Research  is 
needed  to  elucidate  the  specific  thermal  information  used  by  emerging  hatchlings. 

Low  or  decreasing  temperatures  typically  follow  sunset,  but  prolonged  rain 
showers  during  the  day  also  may  lower  temperatures.  Approximately  10%  of  the 
loggerhead  hatchling  emergence  events  at  Melbourne  Beach  occur  during  afternoon  rain 
showers  (Witherington,  1986). 

When  sea  turtle  hatchlings  emerge  on  beaches  with  anthropogenic  lighting,  they 
often  become  disoriented  and  move  away  from  the  ocean  toward  the  light  source 
(McFarlane,  1963;  Raymond,  1984;  Chapter  5).  The  frequency  of  this  sea-finding 
disruption  in  Florida  sea  turtle  hatchlings  and  the  high  mortality  associated  with  it  have 
prompted  some  municipalities  to  designate  time  periods  during  which  beach  lighting  is 
prohibited.  These  ordinances  usually  allow  beach  lighting  up  to  a specific  time  (often 
2300  h).  My  data  indicate  that  beach  lighting  during  the  early  evening  may  still  disrupt 
orientation  in  substantial  numbers  of  hatchlings  (Fig.  2-1).  For  example,  lighting  allowed 
until  2300  h will  affect  approximately  31%  of  the  hatchlings  emerging  on  a given  night. 

To  be  effective,  beach  lighting  restrictions  on  sea  turtle  nesting  beaches  should  include  the 
entire  period  of  darkness. 


Figure  2-1.  Temporal  distribution  of  loggerhead  hatchling  emergence  events  (n=157) 
from  natural  nests  at  Melbourne  Beach,  Florida,  from  29  July  to  1 
September  1988.  Mean  surface  sand  temperatures  (5  cm  depth)  and  air 
temperatures  are  shown  for  the  period  of  the  study. 


Hatchling  Emergence  Events  Temperature  (C) 
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CHAPTER  3 

ORIENTATION  WITH  RESPECT  TO 
LIGHT  INTENSITY  AND  WAVELENGTH 

Introduction 

The  properties  of  electromagnetic  radiation  detectable  by  hatchling  sea  turtles 
during  sea-finding  are  not  mutually  exclusive.  That  is,  a given  set  of  photons  striking  the 
eye  of  an  orienting  hatchling  will  have  not  only  a characteristic  quantity  (intensity),  but 
also  characteristic  wavelength(s)  (color),  spatial  pattern  (shape),  and  polarity,  among 
others.  In  this  chapter,  I study  two  of  these  properties,  intensity  and  wavelength,  in 
hatchling  orientation  experiments  where  other  properties  of  photic  stimuli  presented  to 
hatchlings  do  not  vary.  Using  behavioral  responses  of  hatchling  sea  turtles  to  light 
varying  in  wavelength  and  intensity,  I elucidate  the  use  of  color  and  brightness  as  sea- 
finding cues. 

During  sea- finding,  hatchling  sea  turtles  are  known  to  move  in  the  direction  of 
artificial  light  sources  (Daniel  and  Smith,  1947a;  Hendrickson,  1958;  Mrosovsky  and 
Shettleworth,  1968)  and  reflective  objects  (Carr,  1962)  when  present.  These  observations 
have  bolstered  the  contention  among  researchers  that  light  intensity  is  an  important  cue 
used  by  sea-finding  hatchlings.  Studies  of  specific  mechanisms  by  which  hatchlings  use 
light  intensity  in  orientation  have  provided  further  evidence.  For  instance,  unilaterally 
blindfolded  hatchlings  nearly  always  turn  circles  in  the  direction  of  the  uncovered  eye 
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(Mrosovsky  and  Shettleworth,  1968),  suggesting  that  the  hatchling  response  to  light  is 
phototropotactic  in  nature  (Fraenkel  and  Gunn,  1961).  Further  work,  however,  has 
shown  that  the  orientation  mechanism  may  function  as  if  each  eye  were  an  array  of  light 
intensity  comparators  instead  of  being  a single  comparator  in  a set  of  two  (Verheijen  and 
Wildschut,  1973;  Mrosovsky  and  Shettleworth,  1974;  Mrosovsky  et  al.,  1979).  This 
better  explains  the  occasional  turning  of  unilaterally  blindfolded  hatchlings  toward  the 
blindfolded  eye  (Mrosovsky,  1972;  Rhijn,  1979a).  In  the  most  recent  work  with 
hatchlings  wearing  partial  blindfolds,  Mrosovsky  and  Kingsmill  (1985)  suggest  that  a 
turning  mechanism  using  many  comparators  (a  complex  phototropotaxis  system),  rather 
than  a system  that  instantaneously  interprets  the  direction  of  greatest  intensity  (a  telotaxis 
system;  Schone,  1984)  (Verheijen  and  Wildschut,  1973),  is  most  likely.  As  Schone 
(1984)  points  out,  however,  the  differences  in  these  systems  do  not  necessarily  separate 
them  on  the  basis  of  blindfolding  experiments  like  those  conducted.  Moreover,  the  more 
"complex"  the  phototropotaxis  system  becomes,  the  more  it  resembles  the  proposed 
telotaxis  mechanism. 

Each  of  the  aforementioned  mechanisms  considers  light  intensity  as  one  photic  cue 
being  interpreted.  Yet,  there  are  spectral  considerations  as  well.  No  animal  can  respond 
to  intensities  of  electromagnetic  radiation  outside  their  spectral  sensitivity,  just  as  some 
wavelengths  can  be  expected  to  elicit  greater  responses  than  others.  The  expression  that 
investigators  have  used  (Ehrenfeld  and  Carr,  1967;  Mrosovsky,  1972;  Rhijn,  1979a; 
Mrosovsky  and  Kingsmill,  1985)  to  link  intensity  and  wavelength  with  spectral  sensitivity 
is  the  term  brightness.  Brightness  is  a measure  of  light  dictated  by  its  physiological 
influence  on  an  animal  and  is  best  measured  by  the  neural  response  elicited  at  the  retina 
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of  a given  individual,  under  specific  physiological  conditions  (e.g.,  light  or  dark  adapted). 
Light  striking  the  retina  of  sea  turtles  is  governed  by  effects  of  other  ocular  components 
such  as  refraction  of  the  cornea  and  lens  and  absorption  by  oil  droplets  (Liebman  and 
Granda,  1971).  In  short,  the  measure  of  brightness  is  shaped  by  what  can  be  quantified 
using  electrophysiological  measurements  such  as  electroretinography.  Although 
brightness  per  se  is  difficult  to  measure  for  specific  light  sources,  it  is  logical  to  assume 
that  for  any  detectable  wavelength,  more  quanta  (in  amounts  detectable)  can  be  considered 
brighter.  This  assumption  allows  the  assessment  of  how  hatchlings  respond  to  light 
source  brightness  in  the  behavioral  experiments  I have  conducted. 

A unifying  theme  voiced  by  proponents  of  the  two  orientation  mechanisms 
presented  above  (telotaxis  vs.  tropotaxis;  Verheijen  and  Wildschut,  1973;  Mrosovsky  and 
Kingsmill,  1985)  is  that  each  model  predicts  that  sea-finding  hatchlings  will  move  in  the 
brightest  direction,  a phenomenon  in  need  of  further  investigation.  Previous  attempts  to 
detail  the  roles  of  color  and  brightness  in  sea  turtle  hatchling  orientation  (Mrosovsky  and 
Carr,  1967;  Mrosovsky  and  Shettleworth,  1968)  have  been  limited  by  an  inability  to 
isolate  narrow  bandwidths  of  spectral  light  and  measure  light  intensity  (e.g.,  irradiance)  at 
specific  wavelengths.  The  broad-band,  pigmented  filters  used  in  earlier  studies  allow  the 
transmission  of  many  wavelengths  and  make  the  assignment  of  hatchling  response  to 
brightness  at  specific  colors  questionable. 

Separate  from  the  concept  of  brightness  orientation  is  the  concept  of  spectral 
quality  assessment,  or  the  use  of  color  as  a seaward  orientation  cue,  which  implies  the 
ability  to  discriminate  among  colors.  Color  has  been  suggested  as  a potential  cue 
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assessed  by  sea-finding  hatchlings  (Hooker,  1911;  Mrosovsky,  1972)  but  is  difficult  to 
separate  from  the  effects  of  brightness. 

The  purpose  of  the  study  discussed  in  this  chapter  is  to  measure  the  spectral  light 
fields  encountered  by  sea-finding  hatchlings  on  natural  and  altered  beaches,  and  to 
describe  in  detail  the  behavioral  responses  of  four  species  of  sea  turtle  hatchlings  to  light 
of  varying  intensity  and  wavelength.  I accomplished  the  latter  by  measuring  responses  to 
1)  monochromatic  (narrow-band)  light  sources  in  laboratory  experiments,  and  2)  natural 
light  stimuli  when  hatchlings  were  partially  color-deprived.  My  goal  was  to  determine 
whether  spectral  information  may  provide  cues  directly  used  in  sea-finding,  and  how 
spectral  considerations  contribute  toward  an  understanding  of  brightness,  as  it  pertains  to 
hatchling  orientation. 


Methods 

Hatchlings 

I obtained  loggerhead  (Caretta  caretta),  green  turtle  (Chelonia  mydas),  and 
hawksbill  (Eretmochelvs  imbricata)  hatchlings  from  clutches  transferred  into  beach 
hatcheries  near  Melbourne  Beach,  Florida,  USA  (loggerheads),  and  Tortuguero,  Costa 
Rica  (green  turtles  and  hawksbills).  Olive  ridley  hatchlings  (Lepidochelvs  olivacea)  were 
collected  from  pre-emergent  nests  during  a period  of  extensive  emergence  activity  *55  d 
following  a nesting  arribada  at  Ostional,  Costa  Rica.  Groups  of  emerging  hatchlings  from 
hatcheries  were  located  by  examining  marked  clutches  for  signs  of  hatchling  emergence 
activity  at  dusk  beginning  50  d into  incubation  (incubation  period  *50-57  d).  Groups  of 
olive  ridley  hatchlings  were  located  by  probing  the  sand  on  the  nesting  beach  for 
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emerging  hatchlings  just  beneath  the  surface.  The  high  density  of  emerging  nests  (more 
than  one  per  m2)  at  Ostional  allowed  this  collection  method.  Other  than  this  difference, 
treatment  of  hatchlings  of  all  species  was  similar. 

I collected  hatchlings  just  after  dusk,  at  the  beginning  of  the  nocturnal  emergence 
period  (Chapter  2;  Witherington,  pers.  observ.),  and  transported  them  in  darkened 
buckets  to  an  indoor  laboratory  within  200  m of  the  collection  area,  or  to  the  beach  study 
area  at  Cape  Canaveral,  Florida,  one  hour  away  (beach  cylinder  experiments  only).  I 
kept  hatchlings  in  the  dark  to  insure  that  they  remained  dark-adapted  and  photically  naive 
for  experimental  trials.  Each  hatchling  was  used  for  a single  trial  and  was  released  on  the 
beach  the  same  night,  or  the  following  morning  at  Cape  Canaveral  (beach  cylinder 
experiments  only). 

Light  Measurements 

I made  light  measurements  in  two-choice  color  preference  experiments  using  a 
LICOR  LI-1800  spectroradiometer.  The  LICOR  LI-1800  has  a 0.5  mm  fixed  slit 
(bandwidth  4 nm),  a silicon  detector,  and  filters  to  block  out  effects  from  secondary 
peaks. 

All  other  radiometric  measurements  were  made  using  an  Oriel  Autoranging 
Radiometry  System  (model  78350)  with  a 1/8  m monochrometer  having  interchangeable 
fixed  slits,  an  end-on  photomultiplier  tube  detector  (Oriel,  model  77346),  and  a Zenith 
Supersport  laptop  computer  controlling  the  system  and  recording  data.  Light  entered  the 
monochrometer  by  means  of  a 1 m length  liquid  light  guide  (similar  to  a fiber  optic  cable. 
Oriel).  All  components  of  the  system  other  than  the  light  guide  were  enclosed  in  an  air- 
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cooled  wooden  box  for  field  transport.  An  opal,  diffusing  beam  probe  (approximating  a 
Lambertian  diffuser,  Oriel)  was  installed  at  the  tip  of  the  light  guide  for  irradiance 
measurements,  and  a bare  tip  (solid  angle  of  acceptance =60°)  was  used  for  radiance 
measurements.  Irradiance  measurements  with  the  short  UV-blocking  opal  diffuser  had 
participation  of  second  order  peaks  less  than  2%  of  quantum  flux  for  the  range  (300-700 
nm)  and  conditions  measured  (estimations  made  from  laboratory  measurements  of 
monochromatic  light).  Radiance  measurements  were  made  under  conditions  in  which  no 
substantial  influence  of  second  order  peaks  was  expected. 

Both  spectroradiometers  were  calibrated  using  a LICOR  LI- 1800-02  Optical 
Radiation  Calibrator  standard  source.  When  instruments  were  to  be  used  in  low  light 
level  measurements  (e.g.,  night  measurements),  calibration  was  conducted  with  the  distal 
end  of  the  spectroradiometer  6.500  m from  the  standard  source,  utilizing  the  inverse 
square  law.  Spectroradiometric  measurements  in  the  field  were  made  with  instruments 
powered  by  a Honda  EX  350  portable  generator. 

Beach  Hatchling  Releases 

I conducted  hatchling  orientation  and  light  measurements  on  nesting  beaches  in 
order  to  determine  the  accuracy  of  sea-finding  under  spectrally  different  conditions.  I 
measured  loggerhead  hatchling  orientation  at  each  nesting  beach  site  by  releasing  30 
hatchlings,  five  at  a time,  in  the  center  of  a 4 m diameter  circle  using  a remote  release 
device.  In  pretrials  with  loggerhead  hatchlings  at  Melbourne  Beach,  I found  there  to  be 
no  difference  in  mean  angle  or  variance  between  groups  in  which  30  hatchlings  were 
released  individually  and  groups  released  in  six  sets  of  five  (Watson’s  U2  test,  U2 =0.051, 
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P>0.50).  The  remote  release  device  released  hatchlings  from  a black  cloth  bag  at  the 
circle  center  when  a line  pulled  by  experimenters  upturned  the  bag.  Experimenters 
remained  4 m from  the  circle  perimeter.  The  circle  perimeter  was  a string  marked  every 
5°  and  anchored  to  the  beach  by  eight  wooden  stakes.  I determined  orientation  of 
individual  hatchlings  by  observing  where  hatchling  tracks  exited  the  circle.  In  group 
releases,  no  hatchling  took  longer  than  5 min  to  exit  the  circle. 

At  each  site,  I made  three  releases  of  five  hatchlings  each,  both  before  and  after 
accompanying  spectral  irradiance  measurements  were  made  at  the  hatchling  release  site. 
Light  measurements  were  made  in  magnetic  directions  with  the  receiving  portion  of  the 
instrument  positioned  horizontally  and  2 cm  from  the  sand  surface. 

Two-choice  Color  Preference  Experiments 

Apparatus 

I used  a modified  T-maze  (V-maze)  to  determine  hatchling  preference  with  respect 
to  photic  cues  (Fig.  3-1).  This  apparatus  was  a V-shaped  wooden  box  with  each  identical 
arm  78  cm  in  length.  Openings  at  either  end  of  the  V-maze  were  32x32  cm  and  covered 
with  windows  of  diffusing  acrylic.  Black,  flocked  paper  lined  the  inside  of  the  box. 
Hatchlings  were  introduced  into  the  V-maze  through  a 32x32  cm  opening  in  the  top  of  the 
box  near  the  vertex,  which  was  covered  with  a black  cloth  curtain.  Hatchlings  were 
covered  with  an  opaque  cup  that  was  raised  after  «20  s to  release  the  hatchling  for  each 
trial.  I placed  hatchlings  within  the  cup  so  that  they  pointed  toward  the  midpoint  between 
the  two  windows,  although  hatchlings  often  altered  their  orientation  during  the  time 
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preceding  release.  Hatchlings  walking  from  the  vertex  down  either  alley  of  the  V-maze 
would  fall  into  a cloth  pitfall  pocket  at  the  base  of  either  window. 

I positioned  two  light  sources  so  that  their  light  shown  through  each  of  the  two 
windows  of  the  V-maze  (Fig.  3-1).  One  of  the  light  sources,  hereafter  termed  standard 
source,  emitted  light  of  constant  color  (peak  emission  520  nm)  and  intensity  (1.26xl015 
photons  s'1  m‘2  at  520  nm).  This  source  was  a conventional  tungsten  lamp  powered  with  a 
3.0  VDC  source  and  fitted  with  a blue  gel  filter.  I used  the  blue  filter  to  reduce  intensity 
of  the  standard  source  and  to  make  the  color  of  the  source  more  easily  reproduced.  This 
standard  source  attracted  all  hatchlings  (n=20)  of  each  species  (n=4)  to  a lighted  V-maze 
window  when  no  other  light  was  presented  in  pretrials. 

A second  source,  hereafter  termed  adjustable  source,  could  be  varied  in  color  and 
intensity.  Light  for  this  source  originated  from  a 3200  K (manufacturer’s  specification) 
tungsten  lamp  operated  at  115  VAC.  I regulated  spectral  emission  of  the  source  with 
narrow  band  interference  filters  (Melles  Griot  and  Oriel,  half  bandwidth  = 10  nm; 
transmission  outside  20  nm  bandpass  < 0.001  %)  (Fig.  3-2).  The  angle  of  the  light 
source  beam  with  the  filters  was  90°  for  all  trials.  I regulated  intensity  by  use  of  an  iris 
aperture  and  combinations  of  neutral  density  filters  (Melles  Griot,  3.0,  2.0,  1.0,  0.5,  0.3, 
0.1  and  0.04  OD). 

I conducted  experiments  in  rooms  darkened  except  for  the  standard  and  adjustable 
sources.  A series  of  light  baffles  prevented  light  of  either  source  from  affecting  the  other 
window.  Line  voltage  for  the  sources  was  monitored  and  did  not  vary  more  than  1 % 
during  experiments. 
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Treatments 

The  number  of  treatments  varied  among  the  four  species  studied  because  of 
limitations  in  the  number  of  hatchlings  and  types  of  filters  available.  Experiments  with 
loggerhead  hatchlings  were  conducted  before  I obtained  a more  extensive  array  of  filters, 
and  fewer  hawksbill  hatchlings  were  obtainable  at  the  Tortuguero  study  area  than  for 
other  species. 

Adjustable  source  vs.  standard  source.  To  determine  the  relative  preference  of 
hatchlings  for  light  of  specific  color  and  intensity,  I released  hatchlings  within  the  V-maze 
while  the  two  windows  were  illuminated  with  the  adjustable  source  and  standard  source. 

In  these  trials,  the  adjustable  source  varied  among  five  (loggerheads  and  hawksbills)  or  11 
(green  turtles  and  olive  ridleys)  monochromatic  colors  between  360  nm  and  700  nm  (Fig. 
3-2),  and  seven  (loggerheads),  three  (green  turtles  and  olive  ridleys),  or  two  (hawksbills) 
intensities.  I measured  treatment  intensities  as  photon  irradiance  at  the  hatchling  release 
point  and  assigned  values  on  a logarithmic  scale.  Intensities  measured  at  the  hatchling 
release  point  were  (log  values  shown  parenthetically)  2.50X1014  (14.4),  1.27xl015  (15.1), 
6.31x10  (15.8),  3.17xl016  (16.5),  1.58xl017  (17.2)  and  1.44xl019  (19.2)  photons  s'1  m'2 
at  respective  peak  wavelengths.  Log  intensity  with  the  adjustable  source  off  was 
considered  to  be  0.0.  Log  intensity  14.4  at  500  nm  approximated  the  illuminance  level 
measured  for  a moonlit  night  (this  chapter).  Higher  light  levels  are  comparable  to  those 
at  dawn  or  dusk,  times  at  which  hatchlings  also  must  locate  the  sea.  Because  of  the 
emission  spectrum  of  the  incandescent  source,  the  highest  log  intensity  (19.2)  could  only 
be  reached  at  the  longest  wavelengths  (600  and  700  nm). 


20 


Thirty  hatchlings,  each  from  a different  clutch  (loggerheads  and  olive  ridleys)  or 
from  12  (green  turtles)  or  three  clutches  (hawksbills),  were  used  individually  for  each 
treatment.  To  test  for  any  bias  in  hatchling  choice  of  the  two  V-maze  windows  other  than 
the  bias  prompted  by  the  lighted  windows,  I conducted  a set  of  control  trials  for  each 
species  in  which  both  light  sources  were  off.  In  all  trials,  I excluded  hatchlings  from  the 
analysis  that  did  not  fall  into  either  pitfall  within  2 min  following  their  release.  Less  than 
10%  of  the  hatchlings  for  each  species  was  excluded.  In  one  to  five  trials  conducted  for 
each  treatment  with  all  species,  I observed  the  behavior  of  hatchlings  within  the  V-maze 
through  the  opening  at  the  top  of  the  box.  In  treatments  with  both  sources  darkened, 
hatchlings  were  observed  through  active  system  night  vision  goggles  (Excalibur 
Enterprizes)  using  an  infrared  source  mounted  above  the  opening  (loggerheads  only). 

Data  from  these  trials  were  not  included  in  the  analysis  of  source  preference.  Statistical 
tests  for  nominal  data  were  used  with  a null  hypothesis  rejection  criterion  of  a =0.05 
(Ott,  1984). 

Adjustable  source  vs.  darkened  window.  To  determine  the  polarity  of  hatchling 
response  (attraction  or  aversion)  to  light  of  specific  color  and  intensity,  I released 
hatchlings  within  the  V-maze  with  one  window  illuminated  by  the  adjustable  source  only. 
In  these  trials,  the  standard  source  window  remained  dark.  I used  eight  (loggerheads)  and 
11  (other  species)  monochromatic  colors  between  360  nm  and  700  nm  for  the  adjustable 
source  in  these  treatments.  Adjustable  source  intensity  was  17.2  on  the  log  scale 
(1.58xl017  photons  s'1  m*2  nm1).  Thirty  hatchlings,  from  three  (hawksbill),  10 
(loggerhead),  12  (green  turtles),  and  30  (olive  ridleys)  clutches,  were  run  individually  per 
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treatment.  In  other  respects,  experiments  were  conducted  as  described  for  adjustable 
source  vs.  standard  source  experiments. 

Circular  Pitfall-arena  Experiments 

Apparatus 

I conducted  these  experiments  in  order  to  determine  the  behavioral  threshold  and 
response  of  loggerhead  hatchlings  to  spectral  light.  The  apparatus  I used  in  these 
experiments  was  an  octagonal  plywood  platform  having  72,  8.0  cm  diameter,  circular 
pitfalls  (one  each  5°)  on  the  perimeter  of  a 2 m diameter  circle  radiating  from  the  center 
of  the  platform  (Fig.  3-3).  The  platform  was  raised  25  cm  above  the  floor  by  a lxl  m 
square  stand,  and  a cloth  sock  hung  beneath  each  circular  pitfall  to  catch  and  hold 
hatchlings.  The  platform  was  covered  by  a 0.5  m high,  black  vinyl  and  black  cloth  tent 
supported  by  a wooden  frame.  On  one  side  of  the  octagonal  platform  was  a 0.5  m high 
plywood  wall  with  a 10x10  cm  window  of  frosted  Pyrex  glass  at  platform  level,  centered 
along  the  length  of  the  wall.  The  center  of  the  window  was  directly  opposite  and  5 cm 
from  the  center  of  one  of  the  72  circular  pitfalls.  The  inner  wall  and  platform  were 
painted  flat  black. 

A light  source  was  arranged  so  that  light  from  the  source  was  visible  through  the 
frosted  window  of  the  arena  from  all  points  inside  the  circle  of  pitfalls.  The  light  source 
was  a quartz  tungsten  halogen  lamp,  fixed  within  an  air-cooled  housing  and  powered  by  a 
120  VAC  constant  voltage  transformer  (Oriel).  Light  from  the  source  passed  through 
collimating  lenses,  an  infrared-blocking  water  filter,  focusing  lenses,  a fused-silica  fiber 
optic  cable,  neutral  density  and  interference  filters,  an  iris  diaphragm,  a manual  shutter, 
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and  two  frosted  Pyrex  windows  (Fig.  3-3).  Materials  composing  lenses,  windows,  and 
fiber  optics  were  chosen  for  maximum  transmission  of  light  in  the  ultraviolet  to  red 
range.  Control  treatments  were  conducted  with  the  light  source  on  but  with  the  light 
shutter  closed.  I governed  intensity  and  color  of  the  source  with  neutral  density  filters 
and  interference  filters  as  specified  in  the  description  of  two-choice  color  preference 
experiments. 

I conducted  experiments  in  a darkened  room  near  the  nesting  beach  at  Melbourne 
Beach  where  hatchlings  were  obtained.  Hatchlings  used  in  experiments  were  released  at 
the  center  of  the  circular  pitfall-arena  (Fig.  3-3)  by  means  of  a remote  release  device:  a 
black  cloth  pouch  that  could  be  raised  by  a line  pulled  by  the  experimenter  outside  the 
arena. 

Treatments 

Treatments  in  circular  pitfall-arena  experiments  varied  in  the  intensity  and  color  of 
light  visible  from  the  frosted  window  of  the  arena.  Only  loggerhead  hatchlings  were 
used.  The  first  set  of  treatments  I conducted  was  a phototactic  behavioral  titration,  in 
which  light  intensity  for  each  of  six  wavelengths  (320,  350,  400,  500,  600,  and  700  nm) 
was  incrementally  increased  until  groups  of  hatchlings  within  the  arena  showed  significant 
orientation.  The  approximate  level  of  this  behavioral  threshold  intensity  was  determined 
for  each  wavelength  by  setting  source  intensity  near  zero,  releasing  five  hatchlings  at  a 
time,  recording  hatchling  orientation,  raising  source  intensity  0.2  log  units,  releasing 
another  five  hatchlings,  and  continuing  the  latter  two  steps  until  all  five  hatchlings  of  a 
group  fell  into  pitfalls  30°  on  either  side  of  the  pitfall  adjacent  to  the  lighted  window. 
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I then  chose  six  intensity  levels  for  each  wavelength,  one  equal  to  and  five  below 
the  approximate  threshold  level  determined  above,  separated  by  0.2  log  units  of  intensity. 
Source  intensity  was  measured  as  radiance  with  the  distal  light  guide  tip  of  the  Oriel 
spectroradiometer  close  to  the  diffusing  arena  window  so  that  the  angle  of  acceptance  of 
the  tip  was  slightly  less  than  the  solid  angle  subtended  by  the  window.  Thirty  hatchlings 
were  released  individually  into  the  arena  for  each  of  the  six  intensity  levels  at  each  of  the 
six  wavelengths.  Hatchlings  were  used  in  a single  trial  only.  To  reduce  effects  of 
hatchling  relatedness,  equal  numbers  of  hatchlings  from  each  clutch  (1-3)  were  used  for 
all  treatments  in  an  experiment.  To  test  for  effects  on  hatchling  orientation  other  than 
effects  from  the  lighted  window,  60  additional  hatchlings  were  individually  released  with 
the  light  source  on  and  the  light  shutter  closed.  In  addition  to  recording  into  which  pitfall 
each  hatchling  fell,  observations  of  hatchling  behavior  were  made  with  night  vision 
goggles  and  an  infrared  source  (Excalibur  Enterprizes)  inserted  through  a slit  in  the  tent 
covering  the  arena.  I determined  the  behavioral  threshold  of  loggerheads  to  be  the  lowest 
intensity  at  which  a group  of  hatchlings  was  significantly  oriented  (Rayleigh  test, 
a~ 0 05,  Batschelet,  1981).  At  this  threshold  intensity,  irradiance  was  measured  at  the 
hatchling  release  point  so  that  comparisons  to  beach  irradiance  measurements  could  be 
made. 

Because  the  response  of  loggerhead  hatchlings  to  600  nm  light  was  found  to  be  of 
special  interest,  I conducted  additional  trials  with  this  wavelength  at  three  intensities 
higher  than  those  mentioned  above.  In  addition,  trials  were  conducted  for  each  of  13 
wavelengths  (each  of  those  specified  in  Fig.  3-2),  all  at  a radiance  of  1.38xl015  photons 
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s1  nr2  nnr1  sr1,  an  intensity  above  the  behavioral  threshold  for  the  six  wavelengths 
measured.  These  trials  were  conducted  to  determine  the  orientation  polarity  (attraction  or 
aversion)  of  hatchlings  presented  light  at  twilight  levels.  As  in  previous  trials,  30 
hatchlings  were  released  individually  for  each  treatment. 

Beach  Cylinder  Experiments 

Apparatus 

Hatchlings  used  in  this  experiment  oriented  within  15  cm  diameter,  21  cm  tall, 
clear  acrylic  cylinders  that  were  open  at  the  top  and  closed  at  the  bottom  by  an  opaque, 
black  acrylic  base.  There  were  three  such  cylinders.  One  remained  as  described  (clear), 
and  the  remaining  two  were  completely  encircled  by  either  a blue  acetate  filter  (Edmund 
Scientific,  blue)  or  a film  of  charcoal-gray  tinting  (3M,  gray).  The  spectral  quality  and 
intensity  of  light  seen  by  hatchlings  within  the  cylinders  differed  according  to  the 
absorbance  properties  of  the  clear  acrylic  and  filters  (Figs.  3-4,  3-5,  3-6).  I determined 
the  orientation  of  hatchlings  in  cylinders  by  placing  a disk,  marked  every  5°  at  its 
perimeter  and  mounted  at  its  center  on  a perpendicular  stick,  into  the  top  of  the  cylinder 
above  the  hatchling  within.  The  disk  was  oriented  so  that  its  0°  mark  matched  a notch  at 
the  top  rim  of  the  cylinder.  Hatchling  orientation  was  recorded  from  the  angle  mark  on 
the  disk  adjacent  to  the  rostrum  of  the  hatchling. 

Treatments 

I conducted  this  experiment  at  sunrise,  on  a south-facing  beach  at  Cape  Canaveral, 
Florida,  to  determine  how  color  information  may  be  important  to  loggerhead  hatchlings 
orienting  to  the  sea  with  the  sun  in  an  opposing  direction.  I hypothesized  that  hatchlings 
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viewing  the  sunrise  through  a filter  that  attenuated  yellow  light  (blue  filter)  would  be 
more  directed  toward  the  sun  than  hatchlings  with  a full  array  of  color  information  (those 
in  clear  cylinders).  Clear,  blue,  and  gray  cylinders  were  placed  on  the  beach  in  random 
order,  4 m apart,  along  a line  parallel  with  the  surf  line.  At  the  beginning  of  a trial,  one 
hatchling  was  placed  into  each  cylinder  so  that  they  pointed  in  a predetermined  random 
direction.  After  60  s,  orientation  of  hatchlings  was  measured  and  hatchlings  were 
removed  from  cylinders;  this  constituted  a single  trial.  The  order  of  cylinders  on  the 
beach  and  the  initial  orientation  of  the  hatchlings  were  randomized  for  each  trial  (n=81 
for  each  of  three  simultaneous  treatments).  Hatchlings  were  used  once  and  released. 

Trials  were  conducted  on  five  separate  mornings  (0700-0800)  with  weather 
ranging  from  partly  cloudy  to  clear.  In  all  trials,  the  sun  was  located  lateral  to  the  most 
direct  seaward  route,  but  no  cylinder  cast  a shadow  over  any  other  cylinder.  For  each 
trial  I recorded  time  and  the  angle  of  the  sun  with  the  horizon  using  a Telefix 
inclinometer.  The  vertical  angle  of  the  sun  during  trials  ranged  0°-15°.  Differences  in 
hatchling  orientation  among  cylinder  groups  was  determined  by  a Watson-Williams  multi- 
sample test  with  a=0.05  (Batschelet,  1981). 

Results 

Beach  Hatchling  Releases 

The  accuracy  of  loggerhead  hatchling  sea-finding  orientation  varied  with  differing 
photic  conditions.  Sea- finding  error,  as  measured  by  the  difference  between  mean 
hatchling  orientation  and  the  most  direct  ocean  route,  was  greatest  in  hatchlings  orienting 
at  night  on  beaches  with  anthropogenic  lighting  (Figs.  3-7,  3-8).  Effects  of  lighting  were 
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greatest  at  Complex  16  (sea-finding  error =43°)  where  the  direction  of  lighting  was 
closest  to  opposite  the  ocean  direction  (Fig.  3-7).  Hatchling  orientation  at  Complex  16 
and  at  Camera  Road  A (sea-finding  error =19°)  bisected  the  seaward  direction  and  the 
direction  of  lighting.  The  dominant  form  of  lighting  at  both  sites  was  high  pressure 
sodium  vapor  (HPS)  as  indicated  by  corresponding  major  peaks  at  500nm  and  560-620 
nm.  Sea-finding  error  on  the  unlighted  beach  at  Indian  River  County  at  night  was  less 
than  5°  (Figs.  3-9,  3-10).  On  both  moonlit  (Fig.  3-9)  and  moonless  nights  (Fig.  3-10), 
greater  irradiance  originated  from  the  ocean  direction  at  all  wavelengths.  This  trend  held 
for  multiple  measurements  on  the  moonless  night  (Fig.  3-10)  during  which  cloud  cover 
varied  over  the  one  hour  measurement  period.  Although  no  lighting  was  visible  on  this 
beach,  an  indirect  influence  of  HPS  lighting  is  clearly  visible  (Fig.  3-10).  At  Camera 
Road  A and  Indian  River  County  beaches,  there  were  few  spectral  differences  between 
dune  and  seaward  directions  (Figs.  3-8,  3-9,  3-10).  Directional  spectral  differences  were 
greater  at  Complex  16  where  there  was  a great  deal  of  HPS  lighting  over  the  dune  and 
few  clouds  to  reflect  that  light  over  the  ocean  (Fig.  3-7). 

Hatchlings  orienting  on  the  south-facing  beach  at  Cape  Canaveral  during  sunrise 
had  a sea-finding  error  of  13°.  Irradiance  in  the  direction  of  the  sea  (Fig.  3-11)  during 
sunrise  on  this  beach  was  roughly  four  times  less  than  irradiance  in  the  direction  of  the 
sun  (Fig.  3-12),  and  similar  to  irradiance  in  the  direction  of  the  dune  (Fig.  3-13).  Blue 
light  participated  in  greater  proportions  in  light  from  sea  and  dune  directions,  than  in  light 
from  the  sun,  which  was  more  yellow  than  competing  directions  (Fig.  3-12).  Irradiance 
and  spectral  contrasts  were  greatest  at  39-52  min  after  sunrise. 
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Two-choice  Color  Preference  Experiments 
Hatchling  behavior 

In  trials  resulting  in  a hatchling  choosing  one  of  the  two  windows  of  the  V-maze, 
hatchlings  of  all  species  exhibited  a head-up  posture  prior  to  and  during  movement. 
Hatchlings  moving  toward  lighted  sources  typically  made  direct  movements  without 
circling  (loggerheads,  27  of  29  observed;  green  turtles,  30  of  30  observed;  hawksbills,  9 
of  10  observed;  olive  ridleys,  28  of  30  observed).  In  trials  with  both  sources  off, 
hatchlings  often  circled  (loggerheads,  6 of  10)  and  made  their  way  to  either  pitfall  by 
walking  along  the  walls  of  the  box.  Loggerhead  hatchlings  that  fell  into  the  darkened 
window  pitfall  in  trials  with  600  nm  light  at  the  adjustable  source  window  did  not  travel 
directly  to  the  darkened  window.  In  all  of  35  trials  observed,  hatchlings  turned  away 
from  the  600  nm  lighted  window  and  walked  against  the  opposite  wall  of  the  V-maze, 
attempting  to  climb,  until  they  fell  into  the  dark  window  pitfall.  In  30  additional  trials,  I 
placed  loggerhead  hatchlings  halfway  from  the  maze  vertex  to  the  600  nm  source  window 
(log  intensity  17.2)  facing  the  600  nm  source.  All  of  these  hatchlings  turned  away  from 
the  lighted  window  and  moved  directly  to  the  opposite  wall. 

To  determine  whether  hatchling  orientation  might  be  biased  toward  one  of  the  two 
windows  of  the  V-maze,  I released  42  loggerhead,  45  green  turtle,  45  olive  ridley,  and  30 
hawksbill  hatchlings  within  the  V-maze  when  both  light  sources  were  off.  The 
distribution  of  hatchlings  falling  into  pitfalls  at  either  window  of  the  V-maze  with  both 
light  sources  off  could  not  be  distinguished  from  random  (a=0.05,  binomial  probability 


test). 
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Adjustable  source  vs.  standard  source 

I found  a positive  relationship  between  log  intensity  and  the  number  of  loggerhead 
hatchlings  preferring  the  adjustable  source  in  the  shorter  wavelength  treatments  (360,  400 
and  500  nm;  Fig.  3-14).  This  relationship  did  not  differ  among  these  three  treatments 
(chi-square  = 1.86,  df=8).  At  longer  wavelengths,  600  and  700  nm,  the  number  of 
loggerhead  hatchlings  choosing  the  adjustable  source  was  not  statistically  different  from 
zero  (binomial  probability  test,  a =0.05)  at  all  intensity  levels.  The  behavioral  response 
of  loggerhead  (Fig.  3-14),  green  turtle  (Fig.  3-15),  hawksbill  (Fig.  3-16),  and  olive  ridley 
hatchlings  (Fig.  3-17)  to  360,  400,  and  500  nm  light  at  log  intensity  17.2  was  not 
significantly  different  (chi-square=0.95,  df=6).  All  species  showed  no  preference  for 
600-700  nm  light  at  any  intensity  (the  number  of  hatchlings  choosing  the  adjustable  source 
was  not  statistically  different  from  zero;  binomial  probability  test,  a =0.05)  and 
increasing  preference  for  360-500  nm  light  with  increasing  intensity  (Figs.  3-14,  3-15,  3- 
17).  This  inference  cannot  be  made  for  hawksbills  because  they  were  studied  only  at  a 
single  intensity  other  than  zero.  With  the  adjustable  source  at  log  intensity  0,  all 
hatchlings  of  the  four  species  chose  the  standard  source. 

Adjustable  source  vs.  darkened  window 

Loggerhead  hatchlings  chose  the  window  lighted  with  360,  400,  or  500  nm  light  at 
log  intensity  17.2  significantly  more  often  than  the  darkened  window  (Fig.  3-18;  binomial 
probability  test,  a=0.05).  Conversely,  loggerheads  presented  560,  580,  or  600  nm  light 
versus  a dark  window  chose  the  dark  window  significantly  more  often.  In  the  540  and 
700  nm  trials,  loggerhead  hatchling  preference  for  the  adjustable  source  window  or  dark 
window  could  not  be  distinguished  from  random  (binomial  probability  test).  Green 
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turtles,  hawksbills,  and  olive  ridleys  chose  the  window  lighted  with  360,  400,  450,  500, 
540,  560,  580,  and  600  nm  light  at  log  intensity  17.2  significantly  more  often  than  the 
darkened  window  (Fig.  3-18;  binomial  probability  test,  a=0.05).  Green  turtle  and 
hawksbill  choice  of  630  nm  light  was  significant  whereas  this  choice  was  random  for 
olive  ridleys.  Choice  of  the  lighted  window  at  650  nm  versus  darkened  window  was 
random  for  green  turtle,  hawksbill,  and  olive  ridley  hatchlings,  and  all  four  species 
randomly  chose  between  the  darkened  window  and  the  700  nm  lighted  window. 

Circular  Pitfall-arena  Experiments 

Loggerhead  hatchling  orientation  in  the  circular  pitfall-arena  with  the  light  source 
on  and  the  light  shutter  closed  was  random  (mean  angle=334°,  r=0.15,  n=60,  Rayleigh 
test,  a =0.05).  Orientation  of  loggerhead  hatchlings  within  the  circular  pitfall-arena  with 
the  frosted  window  lighted  with  320,  350,  400,  500,  600,  and  700  nm  light  was  random 
(Rayleigh  test,  a=0.05)  at  lowest  intensities,  and  became  more  directed  (r  approaching 
1.0)  toward  the  window  as  source  intensity  increased  in  trials.  The  orientation  pattern 
among  treatments  with  600  nm  light  at  the  six  lowest  intensities  (Figs.  3-19,  3-20)  was 
similar  to  patterns  for  other  wavelengths.  The  modal  pattern  of  hatchling  behavior  in 
treatments  with  nondirected  group  orientation  (n=30,  r<0.32)  was  hatchlings  circling 
from  the  release  point  until  a pitfall  at  the  arena  perimeter  was  encountered  (n=65 
observations).  For  treatments  in  which  group  orientation  was  significantly  directed 
(r>0.32),  hatchlings  predominately  moved  directly  toward  the  pitfalls  near  the  window 
C+30°,  n=57  observations). 
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The  light  source  radiance  required  to  evoke  significant  orientation  (behavioral 
threshold)  in  loggerhead  hatchlings  was  greatest  for  700  nm  light,  followed  by  600,  350, 
320,  400,  and  500  nm  light  (Table  3-1).  The  radiance  and  irradiance  levels  associated 
with  behavioral  thresholds  were  directly  proportional.  In  order  to  provide  an  index  for 
behavioral  spectral  sensitivity,  I have  plotted  the  inverse  of  behavioral  threshold  by 
wavelength  (Fig.  3-21).  The  conception  is  that  hatchlings  are  more  sensitive  to 
wavelengths  that  require  lower  light  levels  to  evoke  responses. 

Treatments  with  light  intensities  higher  than  threshold  levels  for  600  nm  light 
showed  that  at  2.11X1014  photons  s'1  mf2  nm1  s r1  (log  irradiance  12.3),  loggerheads 
become  less  attracted  to  the  light  source  (Fig.  3-22).  All  loggerhead  hatchlings  moved 
away  from  the  window  lighted  with  600  nm  light  at  OlxlO15  photons  s'1  nr2  nm'1  sr1 
(log  irradiance  13.1;  Fig.  3-22).  This  aversion  response  was  also  observed  in  hatchlings 
orienting  in  the  presence  of  580,  600,  620,  and  630  nm  light  at  1.38xl015  photons  s1  m2 
nm 1 sr’1  (Table  3-2).  For  560  and  650  nm  light  at  this  intensity,  orientation  within  the 
arena  was  random  (Rayleigh  test,  a=0.05).  Loggerhead  hatchlings  displayed  a 
significant  attraction  for  light  of  320,  350,  400,  450,  500,  540,  and  700  nm  at  this 
intensity  (Table  3-2). 

Beach  Cylinder  Experiments 

Hatchlings  orienting  within  acrylic  cylinders  on  the  south-facing  beach  at  Cape 
Canaveral  during  sunrise  were  significantly  directed  (Rayleigh  test,  a=0.05),  although 
variance  was  wide  (r=0.64-0.69).  Hatchlings  orienting  within  blue  and  gray  cylinders 
oriented  more  in  the  direction  of  the  sun  than  hatchlings  in  clear  cylinders  (Fig.  3-23),  but 
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this  difference  was  not  significant  among  treatments  (Watson-Williams  multi-sample  test, 
F=3.43,  P=0. 10-0.05). 

Discussion 

Spectral  Information  on  the  Nesting  Beach 

Sea-finding  orientation  in  loggerhead  hatchlings  was  poorest  on  beaches  where 
anthropogenic  lighting  made  the  dune  direction  more  radiant  than  the  seaward  direction 
(Figs.  3-7,  3-8).  Effects  of  anthropogenic  lighting  on  the  light  field,  as  measured  by 
spectroradiometer,  were  present  even  on  beaches  where  no  lighted  luminaires  were  visible 
and  the  nearest  concentration  of  lighting  was  dozens  of  kilometers  away  (Fig.  3-10). 

These  effects  were  overcome,  however,  by  higher  levels  of  ambient  light  on  a moonlit 
night  (Fig.  3-9).  Certainly,  the  phenomenon  of  lighted  beaches  has  provided  selection 
pressures  too  recent  to  have  shaped  the  spectral  properties  of  the  sea-finding  behavior  I 
observed.  I reserve  further  analysis  of  this  problem  to  Chapter  5. 

Among  the  nesting  beaches  where  I made  light  measurements,  there  were  few 
discemable  generalities  that  described  seaward  or  dune  directions  based  on  light  spectral 
quality.  Spectral  characteristics  varied  more  among  sites  due  to  differing  degrees  of 
anthropogenic  lighting,  and  celestial  and  meteorological  conditions,  than  between  sea  and 
dune  directions.  On  the  darkest,  most  "natural,"  beaches  at  night,  the  spectral  profile  of 
dune  and  sea  directions  was  similar,  in  contrast  to  differences  observed  in  overall  light 
intensity;  in  these  cases  the  seaward  direction  was  most  radiant.  The  conditions  under 
which  directional  spectral  differences  were  most  evident  occurred  during  sunrise  on  a 
south-facing  beach  where  light  intensity  was  greatest  in  the  direction  of  the  sun,  lateral  to 


32 


the  most  direct  seaward  route.  In  this  case,  the  sun  direction  had  a greater  proportion  of 
light  in  the  yellow-red  region  of  the  spectrum  than  did  sea  or  dune  directions  (Figs.  3-11, 
3-12,  3-13).  These  spectral  differences  stem  from  the  short-wavelength  scattering  effects 
of  the  atmosphere.  Direct  light  from  the  sun  passes  through  the  greatest  portion  of  the 
atmosphere  at  dawn,  and  is  richest  in  long-wavelength  light  (yellow,  orange,  red)  due  to 
the  increased  scattering  of  short-wavelength  (blue)  light.  Light  from  competing  directions 
is  influenced  not  only  by  reflected  sunlight,  but  by  the  blue  light  scattered  from  the 
remaining  sky  as  well.  The  result  is  a color  cue  available  to  sea-finding  hatchlings  that 
may  correctly  identify  the  most  radiant  direction  as  one  other  than  the  ocean.  Further 
discussion  of  the  role  of  spectral  information  in  sea-finding  is  offered  below. 

Range  of  Spectral  Sensitivity 

The  behavioral  data  I present  in  this  study  give  the  minimal  boundaries  for 
spectral  sensitivity  range  in  loggerheads,  green  turtles,  hawksbills,  and  olive  ridleys. 
Additional  detailed  information  on  the  spectral  sensitivity  of  sea  turtles  exists  only  for  the 
green  turtle  (Ehrenfeld,  1968;  Granda  and  O’Shea,  1972).  The  action  spectrum  based  on 
electrophysiological  data  provided  by  Granda  and  O’Shea  shows  a greater  spectral 
sensitivity  in  the  shorter  wavelengths  (400-640  nm)  and  minimal  sensitivity  in  the  red 
(660-700  nm),  but  does  not  extend  to  wavelengths  shorter  than  400  nm.  The  work  by 
Ehrenfeld  with  green  turtles  demonstrated  that  adult  females  can  locate  the  sea  after 
nesting  when  fitted  with  goggles  transmitting  primarily  near-ultraviolet  light  (300-400 
nm),  although  the  goggles  in  these  experiments  did  transmit  approximately  1%  of  the  light 
in  the  400  to  700  nm  range,  a substantial  amount  for  the  daytime  trials  conducted. 


33 


Because  of  the  narrow  spectral  bandwidths  transmitted  by  the  interference  filters  I used 
and  the  minimal  leakage  outside  the  specified  spectral  bands,  I am  confident  in  assigning 
minimal  spectral  limits  +.  10  nm  to  vision  in  the  species  studied. 

The  four  species  studied  probably  have  similar  spectral  sensitivity  ranges,  with 
highest  sensitivities  in  the  short-wavelength  end  of  the  visible  spectrum.  This  concurs 
with  the  previous  physiological  work  on  green  turtles  (Granda  and  O’Shea,  1972).  Both 
green  turtle  and  hawksbill  hatchlings  responded  significantly  to  light  in  the  near-ultraviolet 
to  orange-red  range  (360-630  nm;  Fig.  3-18),  but  had  the  greatest  response  (attraction)  to 
light  from  the  near-ultraviolet  to  the  blue-green  (360-500  nm;  Fig.  3-15,  green  turtles; 

Fig.  3-16,  hawksbills).  Olive  ridleys  responded  significantly  toward  near-ultraviolet  to 
yellow-orange  light  (360-600  nm;  Fig.  3-18)  with  the  greatest  response  to  light  in  the 
near-ultraviolet  to  green-yellow  range  (360-560  nm;  Fig.  3-17).  In  loggerheads,  I 
measured  significant  responses  to  light  in  the  near-ultraviolet  to  deep  red  range  (320-700 
nm;  Table  3-2,  Fig.  3-18),  but  unlike  the  other  species  studied,  the  type  of  response 
measured  varied  from  attraction  to  aversion.  This  range  of  responses  underscores  the 
limitations  of  the  data  for  all  the  species  studied.  That  is,  there  may  be  behavioral  bias, 
in  addition  to  physiological  bias,  in  how  hatchlings  respond  to  spectral  light.  A 
significant  behavioral  response  indicates  physiological  sensitivity  to  the  presented 
stimulus,  but  absence  of  a response  does  not  indicate  lack  of  sensitivity.  This  is  why  the 
boundaries  I discuss  outline  minimal  spectral  sensitivity  ranges.  Just  as  it  is  difficult  to 
judge  the  full  limits  of  spectral  sensitivity  due  to  the  behavioral  bias  found  in  loggerheads, 
so  to  is  it  difficult  to  determine  the  degree  of  sensitivity  throughout  the  spectrum. 
Nonetheless,  two  lines  of  evidence  suggest  that  the  greatest  sensitivity  for  loggerheads  is 
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in  the  near-ultraviolet  to  blue-green  range  (320-500):  these  wavelengths  1)  elicited  the 
greatest  attraction  response  at  a given  intensity  in  preference  experiments  (Fig.  3-14),  and 
2)  elicited  significant  responses  at  the  lowest  intensities  in  behavioral  threshold 
experiments  (Fig.  3-21). 

Vision  in  the  ultraviolet  portion  of  the  spectrum  is  common  among  insects 
(Goldsmith  and  Bernard,  1974)  but  is  not  well  known  among  vertebrates.  Ultraviolet 
photosensitivity  is  known  for  some  birds  (Chen  et  al.,  1984),  amphibians  (Govardovskii 
and  Zueva,  1974),  and  fishes  (Hawryshyn  et  al.,  1985;  Bowmaker  and  Kunz,  1987),  and 
is  suspected  in  some  lizards  (Moehn,  1974;  Alberts,  1989).  Vision  in  the  ultraviolet 
spectral  range  in  sea  turtles  would  not  appear  to  benefit  sea-finding  under  the  conditions  I 
measured,  given  that  radiance  in  the  ultraviolet  did  not  vary  independent  of  other 
wavelengths  (Figs.  3-7  to  3-13).  In  the  marine  environment,  however,  where  longer 
wavelength  light  attenuates  with  depth  (Loew  and  Lythgoe,  1985),  heightened  sensitivity 
in  the  near-ultraviolet  and  other  short  wavelengths  would  benefit  the  visual  tasks  that  sea 
turtles  undertake  such  as  foraging.  Even  in  shallow  waters,  sensitivity  in  the  ultraviolet 
range  may  allow  sea  turtles  to  identify  otherwise  cryptic  prey  items.  Young  brown  trout 
(Salmo  trutta)  have  ultraviolet  vision  and  can  identify  ultraviolet-absorbing  planktonic 
prey  animals,  prey  that  are  clear-bodied  and  inconspicuous  in  the  visible  range 
(Bowmaker  and  Kunz,  1987).  Some  of  the  items  that  sea  turtles  feed  on  (e.g., 
ctenophores,  medusae)  may  have  similar  properties. 
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Spectral  Quality  Assessment 

The  use  of  color  as  a seaward  orientation  cue  in  hatchlings  implies  color-specific 
differences  between  behavioral  responses  and  physiological  responses.  Data  for  green 
turtles  appear  to  show  these  disparate  responses.  A comparison  of  the  green  turtle  action 
response  measured  by  Granda  and  O’Shea  (1972)  with  measurements  of  behavioral 
response  to  spectral  light  (Fig.  3-24)  reveals  a behavioral  bias  against  longer  wavelength 
light.  But  care  should  be  taken  in  drawing  conclusions  from  the  comparison  in  Figure  3- 
24.  Although  each  constitutes  a spectral  sensitivity,  the  electroretinogram  (ERG)  and 
behavioral  data  were  measured  in  different  ways.  The  ERG  curves  illustrate  light 
intensities  at  each  wavelength  necessary  to  evoke  respective  high  and  low  criterion  voltage 
responses  at  the  dark-adapted  green  turtle  eye.  The  behavioral  curve  is  from  the  present 
study  and  illustrates  the  number  of  dark-adapted  green  turtle  hatchlings  choosing  each 
color  at  a single  intensity  over  a light  source  of  standard  intensity  and  color  (Fig.  3-15). 
The  trend  shown  in  Figure  3-24  is  similar  for  both  light  intensities  in  the  green  turtle 
behavioral  experiments  I conducted  (Fig.  3-15).  That  is,  whereas  both  ERG  curves  show 
a peak  sensitivity  surrounding  600  nm,  light  in  the  600  nm  range  is  relatively  unattractive 
to  orienting  green  turtle  hatchlings.  This  contrast  holds  when  comparisons  are  made  to 
ERG  data  taken  from  light-adapted  green  turtles  as  well  (Granda  and  O’Shea,  1972). 
Mrosovsky  (1972),  using  broad-band  blue  and  red  light,  also  observed  discrepancies 
between  behavioral  responses  of  green  turtles  and  the  action  spectra  provided  by  Granda 
and  O’Shea.  Although  present  evidence  suggests  that  green  turtle  hatchlings  use  some 
assessment  of  spectral  quality  in  sea-finding,  behavioral  experiments  that  more  closely 
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match  ERG  methods,  such  as  the  behavioral  threshold  experiments  I conducted  with 
loggerheads,  are  needed  to  quantify  this  pattern  in  greater  detail. 

Although  no  action  spectrum  exists  that  would  allow  a physiological-behavioral 
comparison  to  be  made  for  the  loggerhead,  the  manner  in  which  loggerhead  hatchlings 
behave  toward  spectral  light  indicates  that  they  too  use  spectral  cues  in  sea-finding. 
Whereas  loggerhead  hatchlings  orient  positively  toward  lower  intensities  of  light  in  the 
near-ultraviolet  and  visible  range,  behavioral  responses  at  higher  radiance  levels  vary 
from  attraction  to  aversion.  At  radiance  levels  corresponding  to  a moonlit  night  and 
higher,  loggerheads  retain  an  attraction  to  shorter  wavelength  light,  but  orient  away  from 
green-yellow  to  orange-red  light  (580-630  nm;  Table  3-2).  The  aversion  that  loggerhead 
hatchlings  show  toward  light  in  the  yellow  region  of  the  spectrum,  what  I will  term 
xanthophobia,  also  has  been  observed  in  loggerhead  hatchlings  orienting  on  a natural 
beach  when  presented  590  nm  monochromatic  yellow  light  from  a low  pressure  sodium 
vapor  (LPS)  light  source  (Chapter  5).  In  one  of  the  first  papers  describing  sea-finding  in 
sea  turtles,  Hooker  (1911)  reported  that  loggerhead  hatchlings  on  a beach  during  the  day 
responded  negatively  to  panes  of  glass  transmitting  primarily  orange-red  light.  Hooker 
could  not  be  certain,  however,  that  this  response  indicated  a reaction  to  color.  Responses 
identical  to  those  Hooker  observed  are  predicted  from  hatchlings  exhibiting  simple 
phototaxis.  The  responses  observed  from  loggerhead  hatchlings  in  the  laboratory  (this 
chapter)  and  on  the  beach  (Chapter  5),  however,  strongly  suggest  a response  to  color.  If 
the  behavior  I observed  were  simply  a response  to  light  of  a specified  brightness,  then  a 
similar  response  would  be  expected  toward  other  wavelengths  at  lower  or  higher 
intensities.  The  observation  that  xanthophobia  diminishes  at  lower  radiance  levels  may  be 
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explained  by  the  loss  of  color  discrimination  as  animals  with  rod  and  cone  retinas,  such  as 
sea  turtles  (Granda  and  Dvorak,  1977),  switch  from  photopic  (cone)  to  scotopic  (rod) 
vision. 

I do  not  expect  that  xanthophobia  in  loggerhead  hatchlings  is  an  adaptation  for 
behavior  with  respect  to  monochromatic  yellow  light  (such  as  the  laboratory  and  LPS 
sources),  of  which  there  is  none  in  nature.  Rather,  this  specialized  response  to 
monochromatic  yellow  light  may  be  an  artificially  manifested  result  of  a system  that 
discounts  light  sources  rich  in  yellow  light.  Evidence  for  this  lies  in  the  observation  that 
white  light  sources,  attractive  to  loggerhead  hatchlings,  are  made  less  attractive  by  the 
addition  of  yellow  LPS  light  (Chapter  5). 

The  presence  of  xanthophobia  solely  in  loggerheads  provided  the  most  distinct 
difference  in  the  way  hatchlings  of  the  four  species  behaved  toward  spectral  light.  Some 
adaptive  parallels  may  exist,  however,  between  loggerhead  xanthophobia  and  the  bias 
against  yellow-red  light  observed  in  green  turtles  (Fig.  3-24).  In  fact,  differing 
behavioral  responses  to  long  and  short-wavelength  light  are  known  for  other  animals 
confronted  with  water-finding  tasks.  A negative  response  to  long -wavelength  light  (576 
and  605  nm)  during  escape  behavior  has  been  reported  for  the  leopard  frog  (Rana  pjpjens) 
(Fite  et  al.  1978).  Because  the  normal  escape  response  of  this  frog  is  toward  water,  this 
mechanism  may  share  functional  similarities  with  that  of  the  loggerhead.  A phototactic 
response  favoring  short-wavelength  light  has  been  found  among  other  anurans  (Hailman 
and  Jaeger,  1974).  Those  workers  have  rejected  the  contention  of  Muntz  (1962)  that  the 
response  is  an  escape  mechanism  directly  resulting  in  water-finding,  but  instead  propose 
an  "open  sky"  attraction  hypothesis.  In  the  case  of  hatchling  sea  turtles,  phototaxis  with  a 
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spectral  bias  for  short-wavelength  light,  either  reflected  from  a blue  ocean  or  scattered 
from  a blue  sky,  may  enhance  seaward  orientation  under  some  conditions,  although  my 
spectral  measurements  on  nesting  beaches  do  not  reveal  this. 

One  function  of  xanthophobia  in  loggerhead  hatchlings  may  be  to  reduce  the 
attraction  of  light  sources  with  a substantial  participation  of  long-wavelength  light.  Such 
an  adaptation  could  be  advantageous  if  long-wavelength  light  sources  with  the  potential  to 
disrupt  the  sea-finding  ability  of  a directional  or  phototropotaxis  mechanism  were 
common  in  nature.  Rising  and  setting  celestial  bodies,  namely  the  sun  and  moon,  may 
offer  such  a challenge  to  sea-finding  hatchlings.  Some  controversy  exists  as  to  whether 
the  rising  sun  affects  sea-finding  in  sea  turtles.  Whereas  Parker  (1922),  Ehrenfeld  and 
Carr  (1967),  and  Rhijn  (1979a)  report  that  loggerheads,  green  turtles,  and  hawksbill 
turtles  are  affected  insignificantly  by  the  sun  on  the  horizon,  Mrosovsky  (1970)  and 
Mrosovsky  and  Kingsmill  (1985)  report  that  loggerhead,  green,  and  hawksbill  turtles  are 
significantly  affected.  The  loggerhead  hatchlings  I released  on  a south-facing  beach  at 
dawn  were  each  able  to  orient  seaward  with  their  direction  slightly  skewed  toward  the  sun 
(Fig.  3-11).  Similarly,  the  loggerhead  hatchlings  in  the  study  of  Mrosovsky  and 
Kingsmill,  orienting  at  sunrise  and  sunset  without  the  contrast  of  a dune  horizon,  also 
moved  in  the  general  ocean  direction.  Perhaps  the  remarkable  aspect  of  these 
observations  is  not  that  hatchlings  were  affected  by  the  sun,  but  that  the  sun,  as  an  intense 
opposing  light  source,  affected  orientation  in  these  experiments  as  little  as  it  did.  The 
cylinder  experiments  I conducted  could  not  demonstrate  a significant  effect  of  blue-filtered 
light  on  loggerhead  hatchlings  orienting  at  dawn,  although  hatchlings  in  blue  cylinders  did 
have  a mean  orientation  directed  more  toward  the  sun.  The  high  variance  observed  in 


39 

test  results  could  have  concealed  what  may  be  a relatively  subtle  effect.  In  future 
experiments,  methodologies  to  reduce  orientation  variance  and  further  attenuate  yellow 
light  in  the  blue  filter  treatment  may  provide  new  insight. 

Spectral  Implications  for  Brightness 

I have  shown  that  brightest  direction  orientation  (BDO),  a model  incorporating  the 
brightness  definition  initially  presented,  does  not  necessarily  predict  the  directions  that  sea 
turtle  hatchlings  orient.  For  instance,  loggerhead  hatchlings  in  a light  field  of 
monochromatic  green  light  move  in  a direction  predicted  by  BDO,  whereas  loggerheads 
in  a field  of  yellow  light  move  counter  to  BDO  predictions.  Despite  these  spectral  effects 
on  hatchling  orientation,  additional  tests  of  the  BDO  model  can  be  made  to  determine  how 
directional  variation  in  other  photic  properties  determines  whether  hatchlings  orient  in  the 
brightest  direction.  Fortunately,  directional  variation  in  spectral  light  that  may  affect 
hatchling  orientation  can  be  controlled  in  laboratory  experiments  and,  based  on  present 
measurements,  appears  to  be  small  in  natural  light  fields  on  beaches  (Figs.  3-7  to  3-10) 
except  under  specific  circumstances  (Figs.  3-11  to  3-13).  Another  reassurance  in  the 
testing  of  the  BDO  model  in  the  field  is  that  at  low,  nighttime  light  levels  (night  being  the 
most  common  time  for  sea- finding,  Chapter  2),  color  discrimination  and  spectral  quality 
assessment  is  shown  to  (and  is  predicted  to)  diminish.  What  remains  of  the  BDO  model 
is  one  that  predicts  orientation  in  the  brightest  direction  as  long  as  1)  brightness  is 
measured  in  the  region  of  the  spectrum  attractive  to  hatchlings  and  there  is  little 
directional  variation  in  spectral  quality,  or  2)  light  levels  are  low  enough  to  preclude  color 


discrimination.  In  the  next  chapter,  I add  directional  acceptance  considerations  to  the 
concept  of  a "brightness  detector"  and  conduct  further  tests  of  the  BDO  model. 
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Table  3-1.  Light  source  radiance  and  irradiance  required  to  evoke  significant  orientation 
in  groups  of  30  loggerhead  hatchlings.  Light  sources  varied  among  six  wavelengths. 
Orientation  was  measured  within  the  circular  pitfall-arena,  and  significant  orientation  was 
determined  with  a Rayleigh  test  at  a =0.05.  Irradiance  was  measured  at  the  hatchling 
release  point  at  arena  center. 


Behavioral  Threshold 

Radiance  Irradiance 

Wavelength  (nm)  (photons  s'1  m 2 nm1  sr1)  (photons  s'1  m'2  nm1) 


320 

9.4xl09 

9.0xl07 

350 

1.5xl010 

1.3xl08 

400 

5.5xl09 

5.1xl07 

500 

3.0xl09 

2.9xl07 

600 

9.3xl010 

8.9xl08 

700 

3.6xl014 

3.7xl012 
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Table  3-2.  Mean  angle  and  directivity  (r)  for  groups  of  30  loggerhead  hatchlings. 
Orientation  was  measured  within  the  circular  pitfall-arena  with  a light  source  at  one  of  13 
wavelengths  shining  through  a frosted  window.  The  frosted  window  was  at  0°.  Groups 
with  r>0.32  are  significantly  oriented  (Rayleigh  test,  a=0.05,  n=30).  Source  radiance 
for  all  wavelengths  was  1.38xl015  photons  s'1  m'2  nm1  sr1. 

Wavelength  (nm)  Mean  Angle  (°)  r 

320  4 0.98 

350  357  0.97 

400  2 0.99 

450  1 0.99 

500  3 0.97 

540  15  0.89 

560  116  0.23 

580  171  0.80 

600  190  0.85 

620  183  0.53 

630  149  0.65 

650  123  0.21 

700  331 
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Figure  3-1.  Schematic  diagram  of  the  V-maze  and  light  sources  used  in  two-choice, 

color  preference  experiments  with  loggerhead,  green  turtle,  hawksbill,  and 
olive  ridley  hatchlings.  Definitions  are:  L,  lamp;  I,  iris;  IF,  interference 
filter;  NDF,  neutral  density  filter;  W,  window;  P,  pitfall;  SL,  standard 
lamp. 
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Figure  3-3.  Schematic  diagram  of  the  light  source  and  arena  used  in  circular  pitfall- 
arena  experiments.  Components  of  the  apparatus  are:  A,  120  VAC 
constant  voltage  transformer;  B,  quartz-tungsten-halogen  lamp  and 
housing;  C,  condenser  lenses;  D,  water  filter;  E,  focusing  lenses;  F, 
fused-silica  fiber-optic  cable;  G,  interference  filter  and  holder;  H,  iris 
diaphragm;  I,  shutter;  J,  frosted  Pyrex  windows;  K,  light-tight  housing;  L, 
light-tight  tent  over  and  surrounding  arena;  M,  hatchling  release  point;  N, 
pitfalls  (n=72).  Light  source  (A-K)  and  arena  (L-N)  are  not  drawn  to 
scale. 
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Figure  3-23.  The  orientation  of  loggerhead  hatchlings  (n=81,  each  treatment)  within 
clear  acrylic  cylinders  surrounded  by  either  blue,  gray,  or  no  filter  (clear) 
The  cylinders  were  placed  on  a beach  where  the  rising  sun  was  at  a 90° 
angle  to  the  most  direct  ocean  path  (160°).  Divisions  on  the  abscissa  are 
separated  by  five  degrees.  Mean  orientation  vector  data  are  (mean  angle 
r)  129°,  0.66  (blue);  133°,  0.69  (gray);  150°,  0.64  (clear). 
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CHAPTER  4 

ORIENTATION  WITH  RESPECT  TO 
LIGHT  DIRECTION,  SHAPE  AND  POLARITY 

Introduction 

A number  of  authors  have  suggested  that  sea  turtle  hatchlings  during  sea-finding 
assess  cues  other  than  brightest  direction  (Chapter  3).  The  directions  in  which  sea-finding 
hatchlings  orient  have  been  described  as  toward  "open  areas"  and  "open  horizons,"  and 
away  from  "silhouetted  horizons,"  "dune  profile,"  and  "vegetation"  (Hooker,  1911; 
Parker,  1922;  Mrosovsky  and  Shettleworth,  1968;  Limpus,  1971),  directions  that  are  not 
always  the  brightest.  Although  hatchling  orientation  was  quantified  in  these  studies, 
photic  stimuli  were  left  to  subjective  appraisal  by  the  investigators,  making  it  impossible 
to  determine  whether  the  orientation  behavior  observed  could  be  predicted  by  brightest 
direction  orientation  (BDO).  The  assertion  has  been  that  the  beach  environment  may 
provide  shape  cues  in  addition  to  brightest  direction  information.  In  this  chapter  I 
examine  the  orientation  of  sea-finding  hatchlings  with  respect  to  brightest  direction, 
shape,  and  a third  possible  photic  cue,  polarity. 

In  order  to  conclude  whether  or  not  the  BDO  model  (orientation  in  the  brightest 
direction)  describes  all  or  some  of  the  sea-finding  orientation  one  sees  in  hatchling  sea 
turtles,  one  must  1)  define  the  characteristics  of  the  model  and  2)  test  the  model  under 
varied  conditions.  It  is  clear  that  in  order  to  test  brightest  direction  orientation,  one  must 
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measure  brightest  direction.  In  Chapter  3, 1 outlined  some  spectral  considerations  for  a 
definition  of  brightness.  I found  that  BDO  best  predicts  hatchling  orientation  to  light  in 
the  near-ultraviolet  to  green  spectral  range  (a  generality  among  the  four  species  studied), 
and  in  this  chapter  I limit  my  measures  of  brightness  to  an  index  within  this  range  (see 
methods).  But  to  determine  brightest  direction,  one  must  have  a comparison  of 
directional  brightness  measurements,  or  in  the  term  I will  use  henceforth,  an  angular 
radiance  distribution  (ARD;  Verheijen,  1978).  To  measure  properly,  the  "brightness 
detector"  measuring  ARD  must  have  sensitivity  characteristics  that  match  those  of 
orienting  hatchlings.  Just  as  a hatchling  has  specific  spectral  sensitivity  characteristics 
(Chapter  3),  so  may  it  have  specific  sensitivities  to  light  originating  from  differing 
directions  relative  to  its  sense  organs.  In  the  term  afforded  light  detectors,  hatchlings 
may  have  a specific  "angle  of  acceptance"  (AOA)  over  which  light  information  (e.g., 
brightness)  is  integrated. 

In  the  only  experiment  of  its  kind  with  sea  turtles,  Verheijen  and  Wildschut  (1973) 
measured  the  approximate  AOA  of  green  turtle  (Chelonia  mvdas~)  and  olive  ridley 
hatchlings  (Lepidochelvs  olivacea)  orienting  in  a vertically-striped  cylinder  with  a known 
light  field.  They  found  that  the  AOA  of  these  species  subtends  "nearly  180°" 
azimuthally,  and  "a  few  degrees"  vertically.  Knowing  this,  one  might  better  define  the 
characteristics  of  a "brightness  detector"  whose  measurements  could  corroborate  or  refute 
the  BDO  model.  Subsequent  to  the  experiments  of  Verheijen  and  Wildschut,  investigators 
have  made  measurements  of  ARD  and  hatchling  orientation  on  nesting  beaches  (Rhijn, 
1979a;  Wibbles,  1984),  but  they  have  used  detectors  with  AOA’s  much  smaller  than 
180°.  Because  ARD’s  measured  with  detectors  having  different  AOA’s  can  deviate 


93 


greatly,  the  results  of  these  studies  are  less  conclusive  than  that  which  is  required  to  test 
the  BDO  model.  Nonetheless,  both  Rhijn,  who  worked  with  green  turtles  and  measured 
ARD  with  7.5°  and  15°  AOA  detectors,  and  Wibbles,  who  worked  with  Kemp’s  ridleys 
(Lepidochelvs  kempi)  and  measured  ARD  with  a 1 ° AOA  detector,  concluded  that  their 
hatchlings  were  orienting  independent  of  brightest  direction,  as  measured. 

Although  not  completely  convincing,  the  preceding  evidence  suggests  that 
orientation  cues  other  than  brightness  may  be  used  by  sea-finding  hatchlings.  Of  the 
remaining  properties  of  light  that  might  serve  as  cues  to  sea-finding  hatchlings,  only  shape 
has  been  studied.  Once  thought  to  be  myopic  in  air  (Ehrenfeld  and  Koch,  1967),  sea 
turtle  hatchlings  are  now  believed  to  have  an  adequate  ability  to  distinguish  shapes  (form 
vision)  due  to  the  greater  depth  of  focus  afforded  a small  eye  (Northmore  and  Granda, 
1982).  The  only  work  that  demonstrates  the  capacity  for  orientation  relative  to  shape  has 
been  conducted  with  green  turtle  hatchlings  (Rhijn  and  Gorkom,  1983).  Rhijn  and 
Gorkom  observed  that  green  turtles  oriented  away  from  stripes  and  other  silhouetted 
configurations  on  one  side  of  an  arena,  and  toward  solid  areas,  irrespective  of  brightest 
direction  as  measured  with  a 30°  AOA  detector.  Although  the  ARD’s  measured  in  the 
experiments  by  Rhijn  and  Gorkom  might  have  been  different  with  a broader  AOA 
detector,  photic  conditions  were  apparently  controlled  enough  so  that  the  major  vector 
(brightest  direction)  would  have  been  similarly  directed  using  detectors  having  AOA’s  30- 
180°.  To  test  dependence  on,  rather  than  ability  for,  form  vision,  Mrosovsky  and 
Kingsmill  (1985)  disrupted  form  vision  in  loggerhead  hatchlings  by  fitting  them  with 
goggles  of  waxpaper.  They  concluded  that  because  the  animals  still  oriented  seaward, 
shape  was  not  a primary  cue  in  sea-finding.  Their  conclusions  were  limited  to  a test 
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under  a single  set  of  photic  conditions  (which  were  not  measured)  on  a nesting  beach. 

One  is  left  to  speculate  about  the  form  vision  dependance  of  hatchlings  orienting  under 
different,  perhaps  more  "challenging,"  photic  conditions.  As  is  always  the  case  with 
negative  results,  hypotheses  cannot  be  refuted. 

I discern  three  primary  issues  in  the  debate  over  the  use  of  form  vision  and  sea- 
finding  orientation  with  respect  to  shape  cues.  First  is  the  question  of  whether  hatchlings 
have  the  degree  of  form  vision  necessary  to  use  shape  cues.  Second  is  whether,  and 
under  what  conditions,  shape  cues  are  used  on  the  nesting  beach.  Third  is  how  the  use  of 
shape  orientation  "competes  with"  brightest  direction  orientation;  is  there  a hierarchy  of 
cues?  Although  the  experiments  of  Rhijn  and  Gorkom  (1983)  have  demonstrated  the 
ability  for  form  vision  and  shape  orientation  in  sea  turtle  hatchlings,  the  remaining  issues 
have  yet  to  be  fully  addressed. 

The  contention  that  sea  turtle  hatchlings  orient  away  from  large  dark  objects  or 
"silhouettes"  to  locate  the  sea  (Limpus,  1971;  Rhijn,  1979b)  implies  that  hatchlings  orient 
with  respect  to  larger  dark  forms  than  were  addressed  in  the  previous  argument  for  shape 
cue  orientation:  dark  masses  of  vegetation  and  the  darkened  dune  profile,  among  other 
forms.  The  principal  difficulty  in  elucidating  this  contention  is  that  the  larger  a dark  form 
becomes,  the  more  it  impacts  upon  the  ARD  with  which  one  discerns  brightest  direction. 

A solution  is  to  create  an  ARD  wherein  the  brightest  direction  is  different  from  the 
direction  opposite  a large  dark  object  in  the  field  of  view,  a photic  regime  in  which 
hatchling  orientation  has  yet  to  be  measured. 

The  third  property  of  light  to  be  considered  in  this  chapter  is  polarity.  I consider 
polarity  in  this  chapter  because  the  results  of  experiments  with  diffusing  waxpaper  I 
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conduct  to  discern  form  vision  may  have  dual  explanations  if  hatchlings  depend  on  light 
polarization  patterns  as  a sea-finding  cue.  This  is  because  in  addition  to  obliterating 
shape,  light  diffusing  materials  like  waxpaper  also  depolarize  light.  Given  the  abilities  for 
polarized  light  discrimination  in  other  vertebrates,  such  as  fish  (Hawryshyn  and 
McFarland,  1987),  amphibians  (Taylor  and  Adler,  1973;  Auburn  and  Taylor,  1979),  and 
birds  (Helbig  and  Wiltschko,  1989),  the  possibility  that  sea  turtles  can  discriminate 
polarized  light  cannot  be  ignored. 

The  purpose  of  the  study  described  in  this  chapter  was  to  fill  in  some  of  the  gaps 
of  knowledge  that  presently  make  it  uncertain  how  and  when  hatchling  sea  turtles  use 
brightest  direction  and  shape  cues  to  orient  seaward,  and  to  determine  whether  orientation 
to  light  polarity  may  add  to  this  repertoire.  I conducted  experiments  with  loggerhead 
hatchlings  (Caretta  caretta)  to  achieve  the  following  goals:  1)  determine  the  vertical  and 
azimuthal  dimensions  of  the  AOA  for  a "brightness  detector"  whose  brightest  direction 
measurements  match  the  direction  of  hatchling  orientation  in  artificial  light  fields,  2) 
create  such  a "brightness  detector"  and  measure  hatchling  orientation  relative  to  ARD  on 
nesting  beaches  under  varying  photic  conditions,  3)  measure  hatchling  orientation  in  cue- 
conflict  experiments  (brightest  direction  versus  shape  cues)  to  demonstrate  their  ability  for 
shape  orientation  and  to  examine  the  interplay  between  shape  and  brightest  direction 
orientation,  4)  under  similar  conditions,  determine  whether  orientation  away  from  large 
dark  objects  supersedes  BDO,  5)  deprive  hatchlings  of  form  vision  to  test  its  importance 
under  challenging  photic  conditions,  and  6)  determine  whether  hatchlings  have  orientation 
preferences  relative  to  polarized  light. 
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Methods 

Hatchlings 

I obtained  loggerhead  hatchlings  from  clutches  transferred  into  a beach  hatchery 
near  Melbourne  Beach,  Florida,  USA.  Groups  of  emerging  hatchlings  from  the  hatchery 
were  located  by  examining  marked  clutches  for  signs  of  hatchling  emergence  activity  at 
dusk  beginning  50  d into  incubation  (incubation  period  *50-57  d).  I collected  hatchlings 
just  after  dusk,  at  the  beginning  of  the  nocturnal  emergence  period  (Chapter  2),  and 
transported  them  in  darkened  buckets  to  an  indoor  laboratory  within  200  m of  the 
collection  area,  or  to  beach  study  areas  at  Cape  Canaveral  and  Indian  River  County, 
Florida,  each  less  than  one  hour  away.  I kept  hatchlings  in  the  dark  to  insure  that  they 
remained  dark-adapted  and  photically  naive  for  experimental  trials.  Each  hatchling  was 
used  for  a single  trial  and  was  released  on  the  beach  the  same  night. 

Azimuthal  Angle  of  Acceptance  Experiments 

Apparatus  and  light  measurements 

I determined  the  azimuthal  AOA  of  a "brightness  detector"  that  best  approximates 
the  brightest  direction  orientation  of  loggerhead  hatchlings  by  measuring  hatchling 
orientation  and  ARD  within  a 61  cm  diameter,  30  cm  high,  cylindrical  arena  (mural 
arena,  Fig.  4-1).  Hatchlings  were  individually  situated  in  a pivoting  harness  at  the  center 
of  the  mural  arena  on  a 10  cm  diameter  plastic  disk.  The  plastic  disk  provided  enough 
traction  to  allow  a hatchling  in  the  harness  to  pivot  of  its  own  accord,  but  not  to  strain  at 
the  harness.  The  orientation  of  a hatchling  in  the  mural  arena  was  indicated  by  a pointer 
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on  the  bottom  of  the  arena  that  pivoted  with  the  hatchling.  The  arena  was  constructed  so 
that  light  from  a monochromatic  source  above  the  hatchling  reflected  from  a painted 
mural  surrounding  the  inside  of  the  arena.  The  mural  was  painted  with  36  vertical 
stripes,  each  30  cm  high  and  10°  in  width,  that  varied  according  to  the  proportion  of  flat 
black  and  white  latex  paint  used  to  paint  them.  Beginning  at  an  arbitrary  0°  point,  stripes 
decreased  in  reflectivity  clockwise  around  the  arena  so  that  the  darkest  (black)  stripe  was 
adjacent  to  the  lightest  (white)  stripe  at  the  0°  point.  This  striped  mural  was  similar  to 
the  one  described  by  Verheijen  and  Wildschut  (1973).  The  floor  and  ceiling  of  the  arena 
were  painted  black. 

The  light  source  illuminating  the  mural  arena  was  a quartz  tungsten  halogen  lamp, 
fixed  within  an  air-cooled  housing  and  powered  by  a 120  VAC  constant  voltage 
transformer  (Oriel).  Light  from  the  source  passed  through  collimating  lenses,  an 
infrared-blocking  water  filter,  focusing  lenses,  a fused-silica  fiber  optic  cable,  neutral 
density  and  interference  filters,  an  iris  diaphragm,  a manual  shutter,  a disk-shaped,  light- 
diffusing  acrylic  window,  and  a cylindrical,  clear  acrylic  window  (Fig.  4-1).  The  light 
source  was  positioned  so  that  the  mural  at  the  perimeter  of  the  arena  was  evenly 
illuminated,  but  the  platform  on  which  the  hatchling  oriented  was  shaded.  Control 
treatments  were  conducted  with  the  light  source  on  and  the  light  shutter  closed.  I 
governed  intensity  and  color  of  the  source  with  neutral  density  filters  and  a 500  nm  (blue- 
green,  half  bandwidth  = 10  nm)  interference  filter.  Loggerhead  hatchlings  are  attracted 
to  light  in  this  range  (Chapter  3).  Monochromatic  light  was  used  to  eliminate  spectral 
effects  on  hatchling  orientation  within  the  mural  arena.  I conducted  experiments  within  a 


98 

darkened  room  near  the  nesting  beach  at  Melbourne  Beach  where  hatchlings  were 
obtained. 

I introduced  hatchlings  into  the  mural  arena  by  means  of  a trap  door  onto  which 
the  pivoting  harness  and  pointer  were  attached.  ARD  measurements  were  made  through 
this  trap  door  opening,  using  the  distal  tip  of  a liquid  light  guide  leading  to  an  Oriel 
Autoranging  Radiometry  System  (model  78350,  Chapter  3).  Two  probes  at  the  distal  end 
of  the  light  guide,  having  either  a 10°  or  a Lambertian  (cosine)  AOA,  were  used  to  make 
light  measurements  from  which  three  ARD’s  were  obtained.  The  three  ARD’s  differed  in 
the  AOA  that  affected  radiance  vectors  and  were  1)  an  ARD  measured  by  10°  azimuthal 
AOA  detector,  determined  directly  from  measurements  with  the  10°  AOA  probe,  2)  an 
ARD  measured  by  a detector  with  a cosine  AOA,  determined  directly  from  measurements 
with  the  Lambertian  AOA  probe,  and  3)  an  ARD  measured  by  a detector  with  a 180° 
azimuthal  AOA,  determined  by  integrating  measurements  with  the  10°  AOA  probe  over 
180°,  90°  on  either  side  of  the  vector  described. 

Treatments 

I measured  the  orientation  of  30  loggerhead  hatchlings  from  6 separate  clutches  in 
the  mural  arena  described  above.  Each  hatchling  was  introduced  into  the  arena  pointing 
toward  0°  (the  boundary  of  the  black  and  white  stripes)  and  left  in  the  dark  for  5 min. 
After  5 min,  hatchling  orientation  was  recorded  and  the  light  shutter  was  opened  to 
illuminate  the  muralled  wall  of  the  arena.  Beginning  five  minutes  after  the  shutter  was 
opened,  I recorded  five  measurements  of  hatchling  orientation  at  1 min  intervals.  A 
second-order  mean  orientation  vector  (Batschelet,  1981)  was  calculated  for  the  group  of 
thirty  hatchlings  for  comparison  with  measured  ARD’s.  A separate  mean  vector  was 
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calculated  for  hatchling  orientation  in  the  dark  before  the  mural  was  illuminated.  A 
Rayleigh  test  (Batschelet,  1981)  was  conducted  with  both  data  sets  to  determine  directivity 
of  orientation. 

Vertical  Angle  Preference  Experiments 
Apparatus  and  light  measurements 

I determined  the  effect  of  light  source  vertical  angle  on  brightest  direction 
orientation  in  loggerhead  hatchlings  by  measuring  hatchling  orientation  in  a 46  cm 
diameter,  spherical  arena  (Fig.  4-2).  The  arena  was  constructed  of  two  black  acrylic 
hemispheres.  Hatchlings  were  individually  situated  in  a pivoting  harness  on  a plastic  disk 
platform,  like  that  described  for  the  mural  arena,  at  the  center  of  the  sphere  and  attached 
to  the  lower  hemisphere  by  a hollow  tube  perpendicular  to  the  platform.  The  orientation 
of  a hatchling  in  the  spherical  arena  was  indicated  by  a pointer  on  the  bottom  of  the 
arena,  connected  by  wire  to  the  harness  that  pivoted  with  the  hatchling  in  the  arena. 

There  were  four,  7 cm  diameter  circular  windows  in  the  two  hemispheres  that 
made  the  arena.  Three  windows  were  in  the  same  vertical  plane  with  centers  at  10° 
(+10°)  and  30°  above  (+30°),  and  10°  below  (-10°)  the  artificial  horizon  with  respect  to 
the  hatchling  at  sphere  center.  The  center  of  the  remaining  window  was  positioned  90° 
azimuthal ly  from  the  other  windows,  and  10°  above  the  horizon  (+10°).  Light  shown 
through  these  windows  originated  from  the  same  lamp  and  power  supply  described  for 
mural  arena  experiments.  Light  from  the  source  passed  through  collimating  lenses,  an 
infrared-blocking  water  filter,  neutral  density  and  interference  filters,  an  iris  diaphragm, 
focusing  lenses,  a manual  shutter,  a bifurcated  fused-silica  fiber  optic  cable,  and  two  7 cm 
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diameter  cylindrical  light  diffusers  (Fig.  4-2).  The  two  light  diffusers  could  be  inserted 
into  any  two  windows  so  that  a 7 cm  circle  of  diffuse  light  could  be  seen  by  the  hatchling 
in  the  arena.  Windows  not  illuminated  were  covered  with  black  cloth.  Monochromatic 
500  nm  light  was  used  as  described  above  for  mural  arena  experiments.  Fine  adjustments 
in  the  attachment  of  diffusers  to  fiber  optic  cables  allowed  me  to  equalize  radiance  from 
each  diffuser  at  3.9X1013  photons  s'*  m'2  sr’1  at  500  nm.  Experiments  were  conducted  in 
the  same  darkened  laboratory  described  for  mural  arena  experiments. 

Treatments 

There  were  five  experimental  treatments  in  which  the  lighted  windows  visible  to  a 
hatchling  in  the  arena  were  1)  +10°  left  side  only,  2)  +10°  right  side  only,  3)  +10° 
right  and  -10°  left,  4)  +10°  right  and  +30°  left,  and  5)  +10°  right  and  +10°  left.  In  a 
control  treatment,  the  light  shutter  was  closed  and  all  windows  remained  dark.  I 
measured  the  orientation  of  20  loggerhead  hatchlings  from  8 separate  clutches  for  each  of 
the  six  treatments.  Each  hatchling  was  introduced  into  the  arena  pointing  between  the  two 
window  azimuths  and  left  in  the  dark  for  5 min.  After  5 min,  hatchling  orientation  was 
recorded  and  the  light  shutter  was  opened  to  illuminate  the  windows  specified  in  the 
treatments.  Beginning  five  minutes  after  the  shutter  was  opened,  I recorded  five 
measurements  of  hatchling  orientation  at  1 min  intervals.  A second-order  mean 
orientation  vector  (Batschelet,  1981)  was  calculated  for  the  group  of  20  hatchlings  for 
comparison  among  treatment  groups. 
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Hatchling  Orientation  and  ARP  Beach  Measurements 

Loggerhead  hatchling  orientation  and  ARD  measurements  were  made  for  nine  sets 
of  conditions  at  four  Florida  nesting  beach  sites  in  August  and  September  1990.  Study 
beaches  were:  1)  Cape  Canaveral  Air  Force  Station  (CCAFS),  Camera  Road  A,  a south- 
facing beach  where  lighted  complexes  were  present,  2)  CCAFS,  Launch  Complex  16,  an 
east-facing  beach  where  lighted  complexes  were  present,  3)  Indian  River  County,  an  east- 
facing beach  with  no  anthropogenic  lighting  nearby,  and  4)  Delray  Beach,  an  east-facing 
beach  where  widespread  lighting  was  present.  Orientation  and  ARD  measurements  were 
made  under  various  moon  phases  and  positions,  and  at  sunrise. 

I measured  hatchling  orientation  at  each  nesting  beach  site  by  releasing  30 
hatchlings,  five  at  a time,  in  the  center  of  a 4 m diameter  circle  using  a remote  release 
device.  The  remote  release  device  released  hatchlings  from  a black  cloth  bag  at  the  circle 
center  when  a line  pulled  by  experimenters  upturned  the  bag.  Experimenters  remained  4 
m from  the  circle  perimeter.  The  circle  perimeter  was  a string  marked  every  5°  and 
anchored  to  the  beach  by  eight  wooden  stakes.  I determined  orientation  of  individual 
hatchlings  by  observing  where  hatchling  tracks  exited  the  circle.  Group  releases  in  which 
one  or  more  hatchlings  took  longer  than  5 min  to  exit  the  circle  were  redone. 

At  each  site,  I made  three  releases  of  five  hatchlings  each,  both  before  and  after 
accompanying  measurements  of  the  ARD.  Six  radiance  measurements  at  500  nm  were 
made  at  the  hatchling  release  site  using  an  Oriel  spectroradiometer  having  a solid  AOA  of 
60°.  Measurements  were  made  every  60°  with  the  receiving  portion  of  the  instrument 
positioned  horizontally  and  2 cm  from  the  sand  surface.  An  ARD  with  properties  dictated 
by  a "brightness  detector"  having  an  azimuthal  AOA  of  180°  was  determined  by 
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integrating  three  measurements  (each  with  a 60°  AO  A)  subtending  180°  for  each  of  the 
six  (every  60°)  radiance  vectors  of  the  ARD.  The  AOA  dictating  the  ARD  described 
subtended  180°  azimuthally  and  60°  vertically. 

Form  Vision  Ability  Experiments 

Apparatus  and  light  measurements 

I determined  the  ability  for  orientation  with  respect  to  shapes  in  loggerhead 
hatchlings  by  measuring  ARD  and  hatchling  orientation  within  the  mural  arena  described 
for  azimuthal  AOA  experiments.  In  contrast  with  previous  experiments,  the  mural 
encircling  the  perimeter  of  the  arena  was  painted  so  that  1)  18  alternating  black  and  white 
stripes  (each  10°)  subtended  half  (180°)  of  the  arena,  and  a solid  gray  area  covered  the 
remaining  half  (stripes-gray  experiments),  or  2)  one  black  area  and  one  white  area,  each 
subtending  90°,  were  positioned  opposite  a gray  area  subtending  180°  (black-white-gray 
experiment).  In  stripes-gray  experiments,  three  shades  of  gray  were  used,  produced  by 
combining  flat  black  and  white  latex  paint  in  varying  proportions.  Radiance 
measurements  were  made  with  an  Oriel  spectroradiometer  having  a solid  AOA  of  60°. 

As  described  previously,  these  measurements  were  used  to  determine  the  ARD  dictated  by 
a "brightness  detector"  with  a 180°  azimuthal  AOA.  In  other  respects,  light  sources  and 
light  measurements  were  identical  to  those  described  for  azimuthal  AOA  experiments. 
Treatments 

Stripes-gray  experiments.  There  were  three  variations  of  the  half-gray  half-striped 
mural  used  in  experimental  treatments  that  differed  in  the  reflectance  of  the  solid  gray 
portion  of  the  mural:  1)  gray  01,  a 1:1  mixture  of  black  and  white  paint,  2)  gray  02,  a 
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3:1  mixture  of  black  and  white  paint,  and  3)  gray  #3,  a 4:1  mixture  of  black  and  white 
paint.  For  each  mural,  hatchling  orientation  was  measured  with  and  without  a 15  cm 
diameter  cylinder  of  light-diffusing  waxpaper  surrounding  the  hatchling,  constituting  six 
treatments.  I measured  the  orientation  of  20  loggerhead  hatchlings  for  each  treatment. 

The  120  hatchlings  originated  from  11  separate  clutches.  Each  hatchling  was  introduced 
into  the  arena  pointing  toward  0°  (one  of  the  boundaries  between  the  striped  and  gray 
areas)  and  left  in  the  dark  for  5 min.  After  5 min,  hatchling  orientation  was  recorded  and 
the  light  shutter  was  opened  to  illuminate  the  muralled  wall  of  the  arena.  Beginning  five 
minutes  after  the  shutter  was  opened,  I recorded  five  measurements  of  hatchling 
orientation  at  1 min  intervals.  A second-order  mean  orientation  vector  (Batschelet,  1981) 
was  calculated  for  each  treatment  group  of  20  hatchlings.  A separate  mean  vector  was 
calculated  for  each  treatment  group  for  hatchling  orientation  in  the  dark  before  the  mural 
was  illuminated  during  each  treatment.  A Rayleigh  test  (Batschelet,  1981)  was  made  with 
all  data  sets  to  determine  directivity  of  orientation. 

Black-white-grav  experiment.  Except  for  the  pattern  on  the  mural  within  the 
arena,  procedures  used  in  this  experiment  were  identical  to  those  used  in  the  stripes-gray 
experiments.  The  mural  for  this  experiment  was  painted  with  flat  latex  paint  so  that  there 
was  (clockwise)  an  area  of  black  subtending  90°,  an  area  of  white  subtending  90°,  and  an 
area  of  gray  #1  (as  defined  above)  subtending  the  remaining  180°. 


Form  Vision  Deprivation  Experiments 
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Apparatus 

Hatchlings  used  in  this  experiment  oriented  within  15  cm  diameter,  21  cm  tall, 
clear  acrylic  cylinders  that  were  open  at  the  top  and  closed  at  the  bottom  by  an  opaque, 
black  acrylic  base.  There  were  three  such  cylinders.  One  remained  as  described  (clear), 
and  the  remaining  two  were  completely  encircled  by  a film  of  either  charcoal-gray  tinting 
(3M,  gray)  or  light-diffusing  waxpaper  (Dow,  waxpaper).  The  spectral  quality  and 
intensity  of  light  seen  by  hatchlings  within  the  cylinders  differed  according  to  the 
absorbance  properties  of  the  clear  acrylic  and  film  coverings  (Figs.  3-4,  3-6,  4-3).  The 
waxpaper  and  clear  cylinders  had  similar  spectra.  I determined  the  orientation  of 
hatchlings  in  cylinders  by  placing  a disk,  marked  every  5°  at  its  perimeter  and  mounted  at 
its  center  on  a perpendicular  stick,  into  the  top  of  the  cylinder  above  the  hatchling  within. 
The  disk  was  oriented  so  that  its  0°  mark  matched  a notch  at  the  top  rim  of  the  cylinder. 
Hatchling  orientation  was  recorded  from  the  angle  mark  on  the  disk  adjacent  to  the 
rostrum  of  the  hatchling. 

Treatments 

I conducted  this  experiment  at  night  during  a setting  moon  on  an  east-facing  beach 
near  Melbourne  Beach,  Florida,  to  determine  how  form  vision  may  be  important  to 
loggerhead  hatchlings  orienting  to  the  sea  with  the  brightest  direction  (moon)  opposite  the 
ocean.  The  specific  site  at  Melbourne  Beach  was  chosen  for  its  lack  of  anthropogenic 
lighting,  and  a low  dune  profile  that  allowed  a view  of  the  setting  moon.  Clear,  gray, 
and  waxpaper  cylinders  were  placed  on  the  beach  in  random  order,  2 m apart,  along  a 
line  parallel  with  the  surf  line.  At  the  beginning  of  a trial,  hatchlings  were  placed  into 
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cylinders  so  that  they  pointed  in  a predetermined  random  direction.  After  60  s, 
orientation  of  hatchlings  was  measured  and  hatchlings  were  removed  from  cylinders;  this 
constituted  a single  trial.  The  order  of  cylinders  on  the  beach  and  the  initial  orientation 
of  the  hatchlings  were  randomized  for  each  trial  (n=30).  Hatchlings  were  used  once  and 
released. 

Trials  were  conducted  on  four  separate  nights  (0110-0450)  with  weather  ranging 
from  partly  cloudy  to  clear.  In  all  trials,  the  nearly  full  moon  was  visible,  and  located 
opposite  the  ocean  direction  at  a vertical  angle  of  * 10°-25°.  For  each  trial  I recorded 
time  and  the  angle  of  the  moon  with  the  horizon  using  a Telefix  inclinometer.  Radiance 
measurements  at  500  nm  in  sea  (70°)  and  dune  (250°)  directions  were  made  near  the 
center  cylinder  using  an  Oriel  spectroradiometer  with  the  receiving  portion  of  the 
instrument  positioned  horizontally  and  2 cm  from  the  sand  surface.  A "brightness 
detector"  with  an  AOA  subtending  180°  azimuth  ally  and  60°  vertically  was  approximated 
using  the  technique  previously  described.  Differences  in  hatchling  orientation  between 
clear,  and  gray  or  waxpaper  cylinder  groups,  were  determined  using  Watson  U2  tests 
(Batschelet,  1981)  with  a Bonferroni  adjustment  of  P (a=  0.05;  for  each  significant  test 
individually,  P<  0.025). 

Polarization  Preference  Experiments 

Apparatus  and  light  measurements 

I determined  the  orientation  preference  for  light  sources  varying  in  the  degree  and 
plane  of  polarization  using  the  spherical  arena  described  for  vertical  angle  preference 
experiments  (Fig.  4-2).  Only  the  two  +10°  windows  separated  azimuthally  by  90°  were 
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used.  The  light  source  and  optics  used  were  identical  to  those  described  previously 
except  for  the  cylindrical  diffusers  that  lighted  the  windows.  In  polarization  experiments, 
light  from  the  7 cm  diameter  diffusers  passed  through  two  additional  components:  1)  a 7 
cm  diameter  Polaroid  polarizing  filter,  and  2)  a 7 cm  diameter  film  of  depolarizing 
waxpaper.  The  order  in  which  the  two  components  were  attached  to  the  light  diffuser 
determined  whether  light  from  the  window  was  polarized  or  depolarized.  Orientation  of 
the  polarizing  filter  determined  the  direction  of  the  e-vector  (plane  of  polarization)  of  the 
light.  Because  identical  components  were  used,  light  intensity  and  color  were  equal 
among  treatments.  I equalized  radiance  from  each  diffuser  at  l.lxlO13  photons  s'1  m'2  sr'1 
at  500  nm. 

Treatments 

There  were  four  experimental  treatments  in  which  the  lighted  windows  visible  to  a 
hatchling  in  the  arena  were  1)  depolarized  right  and  horizontally-polarized  left,  2) 
horizontally-polarized  right  and  vertically-polarized  left,  3)  horizontally-polarized  right 
and  depolarized  left,  and  4)  depolarized  right  and  left.  In  a control  treatment,  the  light 
shutter  was  closed  and  both  windows  remained  dark.  I measured  the  orientation  of  20 
loggerhead  hatchlings  from  five  separate  clutches  for  each  of  the  five  treatments.  Each 
hatchling  was  introduced  into  the  arena  pointing  between  the  two  window  azimuths  and 
left  in  the  dark  for  5 min.  After  5 min,  hatchling  orientation  was  recorded  and  the  light 
shutter  was  opened  to  illuminate  the  windows  specified  in  the  treatments.  Beginning  5 
minutes  after  the  shutter  was  opened,  I recorded  five  measurements  of  hatchling 
orientation  at  1 min  intervals.  A second-order  mean  orientation  vector  (Batschelet,  1981) 
was  calculated  for  the  group  of  20  hatchlings  for  comparison  among  treatment  groups. 
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Results 

Azimuthal  Angle  of  Acceptance  Experiments 

The  orientation  of  loggerhead  hatchlings  in  the  mural  arena  with  the  light  source 
on  and  the  light  shutter  closed  was  random  (Rayleigh  test,  a=0.05,  mean  angle=166°, 
r=0.23,  n=30).  The  ARD  measured  within  the  lighted  mural  arena  with  the  36  stripes 
of  clockwise  decreasing  reflectance  was  shaped  differently  for  each  of  the  three 
"brightness  detectors"  measuring  the  ARD.  The  three  detectors  had  10°,  Lambertian, 
and  180°  AOA’s  (Fig.  4-4).  Major  radiance  vectors  for  each  ARD  were  located  at  10° 
(10°  AOA),  40°  (Lambertian  AOA),  and  90°  (180°  AOA).  Second  order  mean 
orientation  direction  for  loggerhead  hatchlings  within  the  arena  was  86°  (r=0.87). 
Hatchling  orientation  was  not  significantly  located  near  the  major  radiance  vector 
measured  with  the  10°  AOA  detector  (v-test,  /x  = 1.33,  P>0.05),  but  was  significantly 
located  near  major  radiance  vectors  measured  with  Lambertian  (/*=3.82,  P< 0.001)  and 
180°  AOA  detectors  0*=5.49 , P<0.001)(the  null  hypothesis  predicts  randomness).  The 
ARD  of  the  180°  AOA  "brightness  detector"  best  predicted  the  direction  that  loggerhead 
hatchlings  oriented  within  the  arena  (Fig.  4-4). 

Vertical  Angle  Preference  Experiments 

The  orientation  of  loggerhead  hatchlings  in  the  spherical  arena  with  the  light 
source  on  and  the  light  shutter  closed  was  random  (Rayleigh  test,  a =0.05,  mean 
angle=117°,  r=0.12,  n=30).  Hatchling  groups  orienting  in  the  arena  during  treatments 
in  which  one  or  two  of  the  windows  were  lighted  were  highly  directed  (r =0.94-1.0). 
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Lighted  windows  in  treatments  were  either  at  azimuth  0°  (left)  or  at  90°  (right),  and  at 
differing  vertical  positions  (Fig.  4-5,  Table  4-1).  Because  the  angular  distributions  of  the 
first  order  means  for  each  treatment  were  less  than  180°,  the  data  were  treated  as  linear. 
An  ANOVA  (Feldman  et  al. , 1988)  showed  that  at  least  one  of  the  treatment  groups  was 
different  from  the  others  (Table  4-1).  In  treatments  with  only  one  window  lighted,  mean 
hatchling  orientation  was  directed  toward  the  lighted  window  (Fig.  4-5).  Hatchling 
orientation  in  +10°  vs.  +10°  and  +10°  vs.  -10°  treatments  was  between  the  lighted 
windows  and  not  significantly  different  (Table  4-1).  In  the  +10°  vs.  +30°  treatment, 
hatchling  orientation  also  was  between  the  two  windows,  but  was  shown  to  be  different 
from  orientation  in  the  +10°  vs.  +10°  treatment.  The  +30°  light  source,  however,  was 
shown  to  have  influenced  hatchling  orientation  by  the  more  sensitive  of  the  multi- 
comparison tests  conducted  (Fisher  LSD;  Table  4-1).  Results  indicate  that  loggerhead 
hatchlings  incorporate  light  ranging  minimally  +30°  to  -10°  from  the  horizontal  plane  in 
their  assessment  of  brightest  direction. 

Hatchling  Orientation  and  ARD  Beach  Measurements 

A "brightness  detector"  with  a 180°  azimuthal  and  60°  vertical  (+  30°  from 
horizontal)  AOA  was  chosen  to  conduct  ARD  measurements  on  loggerhead  nesting 
beaches.  Loggerhead  hatchling  orientation  and  ARD  measurements  showed  that  the  mean 
orientation  and  major  radiance  vector  direction  (brightest  direction)  were  often  different. 
Measurements  on  the  south-facing  beach  at  Camera  Road  A during  sunrise  showed  that 
mean  orientation  was  slightly  east  of  the  ocean  direction  and  the  major  radiance  vector 
was  toward  the  sun  (Fig.  4-6).  At  the  same  beach  at  night  during  a setting  moon,  mean 
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orientation  was  slightly  east  of  the  ocean  direction  and  the  major  vector  was  toward  the 
moon  in  the  southwest  (Fig.  4-7).  At  the  same  beach  at  night  with  a 3/4  moon  near 
zenith,  both  mean  orientation  and  the  major  vector  were  directed  toward  the  ocean  (Fig. 
4-8).  At  the  east-facing  beach  near  complex  16  at  night  with  a half  moon  near  zenith, 
mean  orientation  was  toward  the  ocean  and  the  major  vector  was  toward  the  moon  in  the 
south  (Fig.  4-9).  At  the  same  beach  at  night  with  no  moon,  mean  orientation  bisected  the 
directions  of  the  ocean  and  a small  lighted  complex  of  buildings,  and  the  major  vector 
was  toward  the  wide  glow  of  numerous  lighted  complexes  (Fig.  4-10).  Two  of  30 
hatchlings  in  this  group  arrived  at  dune  vegetation.  At  the  south-facing  beach  at  Camera 
Road  A at  night  with  no  moon,  mean  orientation  was  slightly  west  of  the  ocean  direction 
and  the  major  vector  was  toward  some  lighted  complexes  to  the  west  (Fig.  4-11).  At  the 
east-facing  beach  at  Indian  River  County  at  night  with  no  moon,  mean  orientation  was 
toward  the  ocean  and  the  major  vector  was  toward  the  north  (Fig.  4-12).  At  the  same 
beach  at  night  with  a setting  full  moon,  mean  orientation  was  toward  the  ocean  and  the 
major  vector  was  toward  the  moon  in  the  west  (Fig.  4-13).  At  the  east-facing  beach  at 
Delray  Beach  during  a night  with  no  moon,  mean  orientation  was  away  from  the  ocean 
toward  the  southwest  and  the  major  vector  was  toward  the  wide  glow  of  distant  lighting  in 
the  west  (Fig.  4-14). 

Form  Vision  Ability  Experiments 

Stripes-grav  experiments 

The  orientation  of  loggerhead  hatchlings  in  the  mural  arena  with  the  light  source 
on  and  the  light  shutter  closed  was  random  (six  groups;  Rayleigh  test,  a=0.05,  mean 
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angles  (r)=  277°  (0.19),  149°  (0.25),  197°  (0.19),  125°  (0.09),  4°  (0.10),  and  50° 
(0.21);  n=20).  Hatchlings  orienting  within  the  lighted  arena  with  the  stripes-gray  #1 
pattern  were  significantly  directed  toward  the  open  gray  area  in  treatments  with  (mean 
angle=267°,  r=0.76)  and  without  waxpaper  surrounding  them  (mean  angle =269, 
r=0.59;  Fig.  4-15).  The  open  gray  area  in  both  treatments  had  * 1/2  the  radiance  of  the 
striped  direction  (Fig.  4-15).  Hatchlings  within  the  arena  with  the  stripes-gray  #2  pattern 
oriented  randomly  with  no  waxpaper  (mean  angle=281°,  r=0.10),  but  were  significantly 
directed  toward  the  stripes  in  the  waxpaper  treatment  (mean  angle=78°,  r =0.51 ; Fig.  4- 

16) .  The  open  gray  area  in  both  of  these  treatments  had  * 1/3  the  radiance  of  the  striped 
direction  (Fig.  4-16).  Hatchlings  orienting  within  the  arena  with  the  stripes-gray  #3 
pattern  were  significantly  directed  toward  the  stripes  in  both  waxpaper  (mean 
angle=101°,  r=0.88)  and  no  waxpaper  treatments  (mean  angle=112°,  r =0.56;  Fig.  4- 

17) .  In  these  treatments,  the  open  gray  area  had  * 1/5  the  radiance  of  the  striped 
direction  (Fig.  4-17).  Results  indicate  that  hatchlings  oriented  both  with  respect  to  shape 
(vertical  stripes)  and  brightest  direction. 

Black-white-grav  experiment 

The  orientation  of  loggerhead  hatchlings  in  the  mural  arena  with  the  light  source 
on  and  the  light  shutter  closed  was  random  (Rayleigh  test,  a=0.05,  mean  angle=62°, 
r=0.11,  n=20).  Hatchlings  orienting  within  the  lighted  arena  were  significantly  directed 
(mean  angle=170°,  r=0.96)  and  were  closer  to  the  most  radiant  direction  (180°)  than  the 
direction  opposite  the  center  of  the  90°  dark  area  (225°;  Fig.  4-18).  Results  indicate  that 
BDO,  rather  than  aversion  to  large  dark  shapes,  best  predicts  hatchling  orientation  in  this 


instance. 


Ill 


Form  Vision  Deprivation  Experiments 

Loggerhead  hatchlings  orienting  within  acrylic  cylinders  on  an  ENE-facing  (70°) 
beach  with  the  moon  setting  over  the  dune  were  significantly  directed  in  clear  (mean 
angle =69°,  r=0.55),  gray  (mean  angle =97°,  r=0.38),  and  waxpaper  treatments  (mean 
angle =238°,  r=0.62).  The  mean  orientation  of  hatchlings  in  gray  and  clear  cylinders 
was  toward  the  ocean,  whereas  hatchlings  surrounded  by  waxpaper  oriented  in  the 
direction  of  the  setting  moon  (Fig.  4-19).  Hatchling  orientation  in  the  clear  treatment  was 
different  from  orientation  in  the  waxpaper  treatment  (U2=0.77,  P< 0.001),  but  not  the 
gray  treatment  (U2=0.078,  P>0.20).  Under  the  conditions  measured,  the  direction  of 
the  moon  was  roughly  twice  as  radiant  as  the  ocean  direction  (Fig.  4-19).  Results 
indicate  that  form  vision  which  was  disrupted  in  the  waxpaper  treatment  was  necessary 
for  seaward  orientation  in  this  instance. 

Polarization  Preference  Experiments 

The  orientation  of  loggerhead  hatchlings  in  the  spherical  arena  with  the  light 
source  on  and  the  light  shutter  closed  was  random  (Rayleigh  test,  a=0.05,  mean 
angle=300°,  r=0.21,  n=20).  Hatchling  groups  orienting  in  the  arena  during  treatments 
in  which  the  two  windows  were  lighted  were  highly  directed  (r=0.99  all)  between  the 
windows  (Fig.  4-20).  Because  the  angular  distributions  of  the  first  order  means  for  each 
treatment  were  less  than  180°,  the  data  were  treated  as  linear.  An  ANOVA  (Feldman  et 
al.,  1988)  showed  that  none  of  the  treatment  groups  was  different  (F=2.16,  P=0.10). 
Results  indicate  no  preference  for  light  sources  with  respect  to  polarity. 
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Directional  Implications  for  Brightness 

In  this  chapter,  I measured  brightness  using  a "brightness  detector"  sensitive  in  the 
region  of  the  spectrum  attractive  to  loggerhead  hatchlings  (500  nm)  and,  therefore,  a 
region  where  the  BDO  model  predicts  loggerhead  hatchling  orientation  when  other 
properties  of  light  do  not  vary  directionally  (Chapter  3).  One  of  my  aims  in  this  chapter 
was  to  determine  the  directional  characteristics  (azimuthal  and  vertical  AOA)  of  a 
"brightness  detector"  whose  brightest  direction  measurements  match  loggerhead  hatchling 
orientation  in  an  experimental  light  field.  I found  that  the  azimuthal  AOA  of  such  a 
"brightness  detector"  was  very  broad,  approximately  180°  (Fig.  4-4).  If  hatchlings 
integrated  brightness  assessment  over  a more  narrow  range,  one  would  expect  orientation 
directed  more  toward  the  whitest  stripe  in  the  mural  arena.  Conversely,  a wider 
integration  would  have  resulted  in  orientation  more  directed  toward  the  darker  portion  of 
the  arena.  Nonetheless,  I cannot  rule  out  other  functions  that  describe  the  orientation  I 
measured.  For  instance,  brightness  may  be  assessed  as  a weighted  function  rather  than 
the  function  I measured  which  integrates  evenly  over  the  entire  180°  range.  Similar  to 
the  Lambertian  measurement  I made,  which  integrates  directional  values  weighted 
according  to  the  cosine  of  their  incident  angle,  a more  broadly  integrating  function  may 
equally  describe  the  hatchling  orientation  I observed  relative  to  the  light  field  I presented. 
The  differences  in  resulting  measures  among  detectors  varying  so  subtly  in  AOA  function 
would  probably  be  minor. 
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Information  I gathered  on  the  vertical  AOA  of  the  hypothetical  brightness  detector 
is  somewhat  less  detailed.  The  limitations  in  making  determinations  of  vertical  AOA 
stem  from  differences  between  the  plane  in  which  hatchlings  orient  (horizontal)  and  the 
plane  in  which  stimuli  are  presented  (vertical).  Unlike  the  azimuthal  AOA  experiments, 
hatchlings  orienting  in  a single  light  field  treatment  having  a vertically  variable  ARD  do 
not  provide  sufficient  directional  information  to  assign  limits  to  the  vertical  AOA.  Many 
treatments  are  needed.  The  number  of  treatments  I conducted  in  the  spherical  arena 
allowed  me  to  assign  only  approximate  minimum  limits  to  the  vertical  AOA  in  loggerhead 
hatchlings.  I found  that  the  vertical  angle  of  light  affecting  orientation  in  hatchlings 
ranged  at  least  between  -10°  and  +30°  (Fig.  4-5).  These  results  concur  with  equally 
limited  experiments  conducted  by  Salmon  and  Wyneken  (1990).  These  workers  presented 
single  light  sources  to  loggerhead  hatchlings  at  vertical  angles  of  0°,  29°,  or  40°  to  the 
subject.  Hatchling  orientation  was  significant  toward  0°  and  29°  sources,  and  just  missed 
significance  at  the  0.05  level  for  the  40°  presentation.  In  my  experiments,  one  treatment 
allowed  a test  of  preference  between  light  sources  equally  above  and  below  the  horizontal 
plane.  In  this  treatment,  in  which  sources  were  presented  at  +10°  and  -10°,  I found 
hatchlings  to  orient  equally  between  the  two  sources  (Fig.  4-5).  I was  not  able  to  present 
light  sources  at  -30°  because  the  platform  on  which  hatchlings  oriented  partially  blocked 
the  view  of  that  angle.  The  present  data  do  not  support  the  hypothesis  that  light  from  a 
vertical  angle  below  the  horizontal  plane,  such  as  the  light  from  the  ocean  seen  by  a 
hatchling  on  the  crest  of  the  beach  berm,  is  more  attractive  to  hatchlings  than  light 
equally  above  the  horizontal  plane.  The  data  do  show  that  light  originating  from  a 


114 

vertical  angle  higher  in  the  "sky"  is  less  attractive  than  light  originating  closer  to  the 
horizon  (Fig.  4-5). 

Experimental  results  suggest  that  a "brightness  detector"  having  an  AOA  of  180° 
azimuthally  and  roughly  60°  vertically  (+30°  from  the  horizontal)  will  approximate 
brightest  direction  as  "measured"  by  loggerhead  hatchlings  under  the  conditions  I 
presented.  These  dimensions  subtend  a greater  vertical  angle  than  those  described  for  an 
AOA  in  green  turtle  hatchlings  (Verheijen  and  Wildschut,  1973),  although  the  crudeness 
of  both  measures  may  make  these  differences  inconsequential  with  respect  to  species 
comparisons.  I have  used  the  AOA  measure  to  further  delimit  a working  definition  for 
brightness  as  it  pertains  to  BDO.  Added  to  the  definition  for  brightness  already  given 
(Chapter  3)  is  a delineation  of  the  portion  of  the  light  field  affecting  measurement  (the 
dimensions  of  the  AOA  I have  described).  This  new  definition  for  brightness  is  to  the 
previous  definition  as  radiance  is  to  irradiance.  Whereas  both  irradiance  and  the 
brightness  definition  of  Chapter  3 are  measures  of  light  striking  a detector  (or  eye), 
radiance  and  the  brightness  definition  delimited  by  AOA  both  describe  a measure  of  light 
emitted  by  a source  or  direction(s).  Just  as  are  radiance  measurements,  brightness  (as 
henceforth  used)  is  dependent  upon  the  dimensions  that  describe  the  directions  measured. 
The  concept  of  AOA  is  different  from  the  concept  of  field-of-view.  Although  both 
concepts  consider  the  physical  limitations  and  position  of  the  eyes  as  receivers,  AOA 
further  implies  a possibility  for  extra-ocular  neuro-processing,  or  directional  weighting  of 
stimuli. 

I have  defined  a "brightness  detector"  based  on  the  behavior  of  hatchlings  in  a 
known  light  field  in  which  visual  cues  other  than  brightness  (shape,  polarity,  motion)  did 
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not  vary  in  the  plane  studied,  and  nonvisual  cues  (geomagnetic,  slope)  were  accounted  for 
in  control  treatments.  My  assumption  is,  therefore,  that  hatchlings  in  the  arenas  were 
orienting  with  respect  to  brightness  cues.  Given  two  principal  types  of  orientation  relative 
to  a brightness  distribution,  darkest  direction  orientation  and  brightest  direction 
orientation,  only  the  latter  is  supported  by  the  data.  I make  these  arguments  to  justify 
what  may  seem  to  be  a tautological  definition  for  BDO,  wherein  the  model  is  defined  and 
tested  by  the  same  criteria.  To  the  contrary,  I define  BDO  by  the  orientation  of 
hatchlings  in  the  light  fields  I presented,  but  reserve  testing  for  conditions  that  vary  from 
those  under  which  BDO  was  defined.  The  actual  "brightness  detector"  I use  in  testing 
BDO  is  an  approximation,  having  a composite  AOA  of  three  laterally  positioned  60°  solid 
• angle  cones  (see  methods).  This  limitation  was  dictated  by  the  properties  of  the  light 
measuring  instruments  at  hand.  I do  not  believe  that  the  subtle  imperfections  of  this 
composite  AOA  translate  into  significant  errors  in  brightest  direction  determination  for  the 
beach  light  fields  measured. 

Tests  of  Brightest  Direction  Orientation 

The  photic  conditions  on  various  nesting  beaches  that  I chose  to  test  BDO 
constituted  a biased  sample  of  hypothetical  challenging  scenarios.  That  is,  under  many  of 
the  conditions  measured,  BDO  was  suspected  to  predict  orientation  in  a direction  other 
than  the  ocean.  The  tests  revealed  that  BDO  did  not  always  predict  loggerhead  hatchling 
orientation.  Hatchlings  oriented  seaward  even  when  the  brightest  direction,  owing  to  the 
effects  of  the  sun  or  moon,  was  lateral  or  opposite  to  the  ocean  direction  (Figs.  4-6,  4-7, 
4-9,  4-13).  The  poorest  sea-finding  did  occur,  however,  in  the  highly  directional  light 
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fields  dominated  by  anthropogenic  lighting  (Figs.  4-10,  4-11,  4-14).  The  participation  of 
BDO  in  sea-finding  is  not  refuted.  Rather,  the  suggestion  given  by  the  data  is  that  other 
cues  in  addition  to  brightness  are  guiding  hatchlings  to  the  sea.  The  ARD  measurements 
made  were  not  expected  to  provide  perfect  indices  of  brightest  direction  as  measured  by 
hatchlings  but  do  allow,  I believe,  the  best  test  of  BDO  at  this  time. 

Form  Vision  vs.  Brightest  Direction  Orientation 

The  loggerhead  hatchlings  in  the  present  study  showed  a strong  tendency  to  orient 
away  from  vertical  stripes  and/or  toward  opposing  solid  (open)  areas,  even  in  some 
instances  where  the  center  of  the  striped  horizon  was  the  brightest  direction.  In  Rhijn  and 
Gorkom’s  (1983)  study  showing  a similar  ability  for  form  vision  and  orientation  with 
respect  to  shape  in  green  turtles,  some  influence  of  light  intensity  on  orienting  hatchlings 
was  hinted.  Orientation  of  green  turtle  hatchlings  in  one  treatment  of  their  study  oriented 
away  from  a silhouette  of  a 180°  "coastal  configuration,"  but  was  slightly  skewed  toward 
the  major  radiance  direction  at  the  edge  of  the  configuration.  In  the  present  study,  I 
found  that  loggerhead  hatchlings  oriented  either  away  from  visible  stripes  irrespective  of 
brightest  direction,  or  toward  the  brightest  direction  irrespective  of  visible  stripes, 
depending  on  the  directivity  (degree  of  anisotropy)  of  the  light  field.  Hatchlings  oriented 
toward  the  visible  striped  area  of  the  arena  only  when  radiance  in  that  direction  was  five 
times  the  radiance  of  the  opposite  direction  (Fig.  4-17).  In  treatments  in  which  stripes 
were  not  visible  (or  perhaps  only  less  visible),  in  which  orienting  hatchlings  viewed  their 
surroundings  through  diffusing  waxpaper,  hatchling  groups  in  treatments  with  the  darkest 
open  areas  were  directed  toward  the  brightest  direction  (Figs.  4-16,  4-17).  In  the 
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treatment  with  the  light  field  having  the  least  directivity  (Fig.  4-15),  hatchlings  oriented 
toward  the  open  and  least  radiant  direction  both  with  and  without  waxpaper  surrounding 
them.  An  explanation  for  this  may  be  that  the  stripes  were  still  somewhat  visible  to  the 
hatchling  behind  the  waxpaper,  as  they  were  to  me,  offering  a cue  overriding  brightest 
direction.  If  stripes  were  visible  in  the  waxpaper  treatment  with  the  higher  directivity 
light  fields,  this  sight  was  not  enough  to  override  the  cue  of  brightest  direction. 

Although  the  hatchlings  in  mural  arena  experiments  oriented  with  respect  to  the 
numerous  dark  and  light  vertical  stripes  presented  them,  I did  not  find  that  hatchlings 
oriented  away  from  a single  large  (90°)  dark  object  (Fig.  4-18).  The  data  support 
orientation  with  respect  to  contrasting  shapes  but  do  not  support  darkness  aversion  or 
"scototaxis."  The  vertical  stripes  studied  may  be  interpreted  as  vertically  positioned  dune 
vegetation.  Shapes  associated  with  vegetation  would  seem  to  be  a reliable  cue  identifying 
the  dune  direction  to  sea-finding  hatchlings.  Other  contrasting  shapes,  or  light  patterns 
spatially  variable  in  radiance  in  general,  also  may  identify  the  dune  direction  to 
hatchlings.  Investigating  the  influence  of  such  complex  light  patterns  on  hatchling 
orientation,  and  separating  these  influences  from  BDO,  will  be  difficult.  Light  patterns 
that  vary  in  the  vertical  plane  will  have  brightest  directions  that  differ,  perhaps  greatly, 
depending  on  the  vertical  AOA  of  the  detector  measuring  ARD.  Recall  that  the  vertical 
dimension  of  hatchling  AOA  is  the  most  difficult  to  quantify  and,  presently,  least  rigidly 
defined.  Investigating  the  effects  of  darkened  dune  silhouette  on  hatchling  orientation  is 
an  example  where  investigators  may  be  led  astray  in  separating  orientation  relative  to 
silhouette  from  BDO.  An  experimental  light  field  designed  to  determine  such  a 
separation  might  consist  of  a highly  radiant  "sky"  over  a dark  "dune"  or  "coastal" 
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silhouette,  opposing  a uniform  intermediately-radiant  "sea"  horizon.  Whether  "dune"  or 
"sea"  in  this  light  field  is  the  brightest  direction  will  depend  on  the  height  of  the  dune 
silhouette  relative  to  the  vertical  AOA  of  the  brightness  detector.  It  is  for  this  reason  I 
contend  that  the  ARD  measurements  I made  on  nesting  beaches,  while  being  a generally 
indicative  diagnosis,  are  nonetheless  imperfect. 

Just  as  the  mural  arena  experiments  demonstrate  the  ability  for  form  vision  and 
orientation  relative  to  shape,  the  form  vision  deprivation  (waxpaper  cylinder)  experiment 
demonstrates  a dependence  on  this  ability  (Fig.  4-19).  This  dependence  may  be  limited, 
however,  to  specific  photic  conditions.  The  experiment  by  Mrosovsky  and  Kingsmill 
(1985),  in  which  form-vision-deprived  hatchlings  retained  seaward  orientation,  shows  that 
reliance  on  form  vision  was  not  necessary  under  the  conditions  of  their  test.  In  my  test, 
brightest  direction  was  opposite  the  ocean,  comprising  photic  conditions  under  which 
determination  of  the  ocean  direction  is  apparently  impossible  without  the  additional  cues 
of  dune  versus  sea  shape. 

The  depolarization  properties  of  the  waxpaper  cylinder  were  not  likely  to  have 
affected  hatchlings  orienting  within  the  cylinder.  I found  no  bias  with  respect  to  light 
polarized  in  the  horizontal  or  vertical  plane  (Fig.  4-20).  This  does  not  refute  the  ability 
for  polarized  light  discrimination  in  loggerheads,  but  does  cast  doubt  on  the  importance  of 
polarized  light  in  sea-finding  orientation. 

I do  not  discern  a hierarchy  in  the  use  of  shape  and  brightest  direction  light  cues 
by  hatchlings.  That  is,  neither  light  cue  appears  dominant  to  the  other.  Rather,  an 
assessment  of  directional  shape  cues  and  brightest  direction  may  be  integrated  so  that 
information  from  both  cue  types  affects  the  orientation  direction  decision.  In  the  cue- 
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conflict  experiments  I conducted,  hatchlings  oriented  relative  to  shape,  brightest  direction, 
or  perhaps  both  cue  types,  depending  on  the  directivity  of  the  light  field,  and  possibly  the 
strength  of  shape  stimuli  (as  yet  unmeasured)  as  well.  Furthermore,  because  the  two 
properties  of  light  are  not  measurable  by  the  same  ruler,  I do  not  see  an  opportunity  for 
weighting  the  two  orientation  systems  relative  to  one  another.  What  remains  is  further 
study  of  the  interplay  of  the  two  systems  as  they  affect  hatchling  orientation  under  widely 
differing  photic  conditions.  One  example  of  the  application  of  information  gleaned  from 
such  study  is  technology  that  would  reduce  misorientation  and  mortality  of  hatchlings 
from  anthropogenic  lighting  on  nesting  beaches.  It  may  be  possible  to  override  some  of 
the  misorienting  effects  of  the  highly  directive  light  fields  produced  by  man-made  light  by 
adding  shape  (e.g.,  vegetation)  to  the  dune  horizon.  There  are  also  applications  to  studies 
of  other  animals  that  orient  visually  with  similar  water-finding  goals.  Neonate  freshwater 
turtles  for  instance,  are  known  to  orient  toward  water  after  leaving  the  nest  (Noble  and 
Breslau,  1938).  Species  of  four  genera  (Chelvdra.  Chrvsemys.  Graptemvs.  Sternotherus') 
have  been  shown  to  be  positively  phototactic,  although  the  role  of  shape  orientation  and 
BDO  is  not  adequately  understood  (Noble  and  Breslau,  1938;  Anderson,  1958).  Given 
that  hatchlings  of  these  turtles  must  locate  water  through  occasionally  dense  vegetation, 
form  vision  may  play  a substantial  role  with  BDO  in  water-finding. 
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Table  4-1.  Results  of  multiple  comparison  tests  among  treatment  groups  in  vertical  angle 
preference  experiments.  An  analysis  of  variance  showed  that  mean  angle  in  at  least  one 
treatment  group  was  different  at  P=0.0001  (F=89.6,  df=4).  There  were  five 
experimental  treatments  that  varied  in  the  vertical  position  of  one  or  two  (right  and  left) 
lighted  windows  visible  to  a hatchling  in  the  spherical  arena.  Treatments  with  different 
letters  are  significantly  different  at  a=0.05. 


Treatment 

Fisher  LSD 

Scheffe  F-test 

Mean  Angle  (°) 

r 

+ 10°  left  side  only 

A 

A 

356 

1.0 

+ 10°  right  side  only 

B 

B 

81 

0.99 

+ 10°  right  vs.  -10°  left 

C 

C 

40 

0.94 

+ 10°  right  vs.  +30°  left 

D 

B 

59 

0.95 

+ 10°  right  vs.  +10°  left  C C 
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Figure  4-2.  Schematic  diagram  of  the  light  source  and  arena  used  in  source  vertical 
angle  and  polarization  preference  experiments  (spherical  arena). 
Components  of  the  apparatus  are:  A,  120  VAC  constant  voltage 
transformer;  B,  quartz-tungsten-halogen  lamp  and  housing;  C,  condenser 
lenses,  D,  water  filter;  E,  interference  filter  and  holder;  F,  iris  diaphragm; 
G,  focusing  lenses;  H,  shutter;  I,  fused-silica  fiber-optic  cable;  J,  two 
halves  of  the  light-tight  spherical  arena;  K,  cylindrical  light  diffuser 
inserted  into  the  0 azimuth  window;  L,  cylindrical  light  diffuser  inserted 
into  the  90°  azimuth  window  at  the  +10°  vertical  position;  M,  90° 
azimuth  window  at  the  +30°  vertical  position;  N,  pivoting  harness  and 
hatchling  on  suspended  platform;  O,  pivoting  directional  indicator.  A 90° 
azimuth  window  at  the  -10°  position  is  not  shown  due  to  the  cutaway  of 
the  lower  hemisphere.  Light  source  (A-I)  and  arena  (J)  are  not  drawn  to 
scale. 
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Figure  4-4.  Light  measurement  and  hatchling  orientation  data  for  azimuthal  angle  of 
acceptance  experiments.  Experiments  were  conducted  using  the  mural 
arena.  The  inner  mural  was  configured  with  10°  stripes  that  increased  in 
reflectivity  from  350°  to  0°  counterclockwise  so  that  the  darkest  and 
lightest  stripes  touched  at  0°  (A).  The  circular  scattergrams  depict  the 
angular  radiance  distribution  (ARD)  within  the  mural  arena  as  measured 
with  detectors  having  a 10°  (B),  Lambertian  (C),  and  180°  angles  of 
acceptance  (D).  Distance  from  the  center  is  proportional  to  photon 
radiance  measurements  made  at  the  arena  center  in  respective  directions, 
which  are  separated  by  10°.  The  solid  arrow  (E)  represents  the  mean 
orientation  vector  of  30  hatchlings  orienting  within  the  arena.  Open 
arrows  represent  the  brightest  direction  as  measured  with  detectors  having 
10  (X),  Lambertian  (Y),  and  180°  angles  of  acceptance  (Z).  Irradiance 
measurements  at  the  arena  center  ranged  from  1.93xl010  to  7.61xl010 
photons  s'1  m'2  at  500  nm. 
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Figure  4-6. 


Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral  Air  Force 
Station,  Florida,  measured  at  sunrise  on  the  morning  of  16  August  1990. 
The  solid  arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings 
released  immediately  before  (n=15)  and  after  (n=15)  radiance 
measurements  were  made.  Hatchling  groups  having  mean  vectors 
extending  closest  to  the  outside  of  the  circle  (approaching  r=1.0)  are  the 
most  directed.  The  distance  of  each  corner  of  the  dotted  polygon  from  the 
circle  center  is  proportional  to  photon  radiance  measurements  made  in 
respective  directions.  Measurements  were  taken  2 cm  from  the  sand 
surface,  at  0735-0805.  Sunrise  was  at  0655  and  the  weather  was  partly 
cloudy.  Radiance  measurements  were  made  at  500  nm  with  an  Oriel 
photomultiplier-detector  spectroradiometer  using  a monochrometer  slit 
width  of  50  microns  (bandpass  resolution =0.5  nm).  Measurements  were 
integrated  over  180°  by  combining  three  measurements  with  a 60°  angle 
of  acceptance  detector  spanning  180°.  Irradiance  in  the  ocean  direction 
was  1.23xl017  photons  s'1  m'2  at  500  nm. 
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Figure  4-7.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral  Air  Force 
Station,  Florida,  measured  on  the  night  of  8-9  August  1990.  The  solid 
arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings  released 
immediately  before  (n=15)  and  after  (n=15)  radiance  measurements  were 
made.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed.  The 
distance  of  each  comer  of  the  dotted  polygon  from  the  circle  center  is 
proportional  to  photon  radiance  measurements  made  in  respective 
directions.  Measurements  were  taken  2 cm  from  the  sand  surface,  at 
0430-0500.  The  weather  was  clear  with  a 3/4  moon  located  at  azimuth 
230°,  30°  vertically.  Radiance  measurements  were  made  at  500  nm  with 
an  Oriel  photomultiplier-detector  spectro radiometer  using  a 
monochrometer  slit  width  of  3.16  mm  (bandpass  resolution=20  nm). 
Measurements  were  integrated  over  180°  by  combining  three 
measurements  with  a 60°  angle  of  acceptance  detector  spanning  180°. 
Irradiance  in  the  ocean  direction  was  1.90x10"  photons  s'1  m'2  at  500  nm. 
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Figure  4-8.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral  Air  Force 
Station,  Florida,  measured  on  the  night  of  7-8  August  1990.  The  solid 
arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings  released 
immediately  before  (n=15)  and  after  (n=15)  radiance  measurements  were 
made.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r= 1.0)  are  the  most  directed.  The 
distance  of  each  comer  of  the  dotted  polygon  from  the  circle  center  is 
proportional  to  photon  radiance  measurements  made  in  respective 
directions.  Measurements  were  taken  2 cm  from  the  sand  surface,  at 
0335-0400.  The  weather  was  clear  with  a 3/4  moon  located  at  azimuth 
180°,  near  zenith.  Radiance  measurements  were  made  at  500  nm  with  an 
Oriel  photomultiplier-detector  spectroradiometer  using  a monochrometer 
slit  width  of  3.16  mm  (bandpass  resolution =20  nm).  Measurements  were 
integrated  over  180°  by  combining  three  measurements  with  a 60°  angle 
of  acceptance  detector  spanning  180°.  Irradiance  in  the  ocean  direction 
was  3.01x10"  photons  s'1  m'2  at  500  nm. 
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Figure  4-9.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Launch  Complex  16,  Cape  Canaveral  Air 
Force  Station,  Florida,  measured  on  the  night  of  10-11  August  1990.  The 
solid  arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings 
released  immediately  before  (n=15)  and  after  (n=15)  radiance 
measurements  were  made.  Hatchling  groups  having  mean  vectors 
extending  closest  to  the  outside  of  the  circle  (approaching  r=1.0)  are  the 
most  directed.  The  distance  of  each  corner  of  the  dotted  polygon  from  the 
circle  center  is  proportional  to  photon  radiance  measurements  made  in 
respective  directions.  Measurements  were  taken  2 cm  from  the  sand 
surface,  at  0420-0445.  The  weather  was  clear  with  a half  moon  located  at 
azimuth  190°,  near  zenith.  Radiance  measurements  were  made  at  500  nm 
with  an  Oriel  photomultiplier-detector  spectroradiometer  using  a 
monochrometer  slit  width  of  3.16  mm  (bandpass  resolution=20  nm). 
Measurements  were  integrated  over  180°  by  combining  three 
measurements  with  a 60°  angle  of  acceptance  detector  spanning  180°. 
Irradiance  in  the  ocean  direction  was  7.10x10'°  photons  s ' m'2  at  500  nm. 
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Figure  4-10.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Launch  Complex  16,  Cape  Canaveral  Air 
Force  Station,  Florida,  measured  on  the  night  of  26-27  August  1990.  The 
solid  arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings 
released  immediately  before  (n=15)  and  after  (n=15)  radiance 
measurements  were  made.  Hatchling  groups  having  mean  vectors 
extending  closest  to  the  outside  of  the  circle  (approaching  r=1.0)  are  the 
most  directed.  The  distance  of  each  comer  of  the  dotted  polygon  from  the 
circle  center  is  proportional  to  photon  radiance  measurements  made  in 
respective  directions.  Measurements  were  taken  2 cm  from  the  sand 
surface,  at  0145-0210.  The  weather  was  partly  cloudy  with  no  moon. 
Radiance  measurements  were  made  at  500  nm  with  an  Oriel 
photomultiplier-detector  spectroradiometer  using  a monochrometer  slit 
width  of  3.16  mm  (bandpass  resolution =20  nm).  Measurements  were 
integrated  over  180°  by  combining  three  measurements  with  a 60°  angle 
of  acceptance  detector  spanning  180°.  Irradiance  in  the  ocean  direction 
was  8.03xl09  photons  s*1  nr2  at  500  nm. 
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Figure  4-11.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  near  Camera  Road  A,  Cape  Canaveral  Air  Force 
Station,  Florida,  measured  on  the  night  of  26-27  August  1990.  The  solid 
arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings  released 
immediately  before  (n=15)  and  after  (n=15)  radiance  measurements  were 
made.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed.  The 
distance  of  each  comer  of  the  dotted  polygon  from  the  circle  center  is 
proportional  to  photon  radiance  measurements  made  in  respective 
directions.  Measurements  were  taken  2 cm  from  the  sand  surface,  at 
0145-0210.  The  weather  was  clear  with  no  moon.  Numerous  lighted 
complexes  were  located  220°-260°.  Radiance  measurements  were  made  at 
500  nm  with  an  Oriel  photomultiplier-detector  spectroradiometer  using  a 
monochrometer  slit  width  of  3.16  mm  (bandpass  resolution =20  nm). 
Measurements  were  integrated  over  180°  by  combining  three 
measurements  with  a 60°  angle  of  acceptance  detector  spanning  180°. 
Irradiance  in  the  ocean  direction  was  1.75xl010  photons  s'1  m 2 at  500  nm. 
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Figure  4-12.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  5.7  km  south  of  Sebastian  Inlet  in  Indian  River 
County,  Florida,  measured  on  the  night  of  27-28  August  1990.  The  solid 
arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings  released 
immediately  before  (n=15)  and  after  (n  = 15)  radiance  measurements  were 
made.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed.  The 
distance  of  each  comer  of  the  dotted  polygon  from  the  circle  center  is 
proportional  to  photon  radiance  measurements  made  in  respective 
directions.  Measurements  were  taken  2 cm  from  the  sand  surface,  at 
0030-0110.  The  weather  was  partly  cloudy  with  no  moon.  Radiance 
measurements  were  made  at  500  nm  with  an  Oriel  photomultiplier-detector 
spectroradiometer  using  a monochrometer  slit  width  of  3.16  mm  (bandpass 
resolution =20  nm).  Measurements  were  integrated  over  180°  by 
combining  three  measurements  with  a 60°  angle  of  acceptance  detector 
spanning  180°.  Irradiance  in  the  ocean  direction  was  4.19xl09  photons  s'1 
m 2 at  500  nm. 
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Figure  4-13.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  5.7  km  south  of  Sebastian  Inlet  in  Indian  River 
County,  Florida,  measured  on  the  night  of  29-30  August  1990.  The  solid 
arrow  represents  the  mean  vector  of  30  loggerhead  hatchlings  released 
immediately  before  (n=15)  and  after  (n=15)  radiance  measurements  were 
made.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed.  The 
distance  of  each  comer  of  the  dotted  polygon  from  the  circle  center  is 
proportional  to  photon  radiance  measurements  made  in  respective 
directions.  Measurements  were  taken  2 cm  from  the  sand  surface,  at 
0210-0235.  The  weather  was  clear  with  a nearly  full  moon  located  at 
azimuth  255°,  20°  vertically.  Radiance  measurements  were  made  at  500 
nm  with  an  Oriel  photomultiplier-detector  spectroradiometer  using  a 
monochrometer  slit  width  of  3.16  mm  (bandpass  resolution=20  nm). 
Measurements  were  integrated  over  180°  by  combining  three 
measurements  with  a 60°  angle  of  acceptance  detector  spanning  180°. 
Irradiance  in  the  ocean  direction  was  1.70x10"  photons  s1  m'2  at  500  nm. 
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Figure  4-14.  Photon  radiance  measurements  and  loggerhead  hatchling  orientation  on  the 
loggerhead  nesting  beach  at  Delray  Beach,  Florida,  measured  on  the  night 
of  14-15  September  1990.  The  solid  arrow  represents  the  mean  vector  of 
30  loggerhead  hatchlings  released  immediately  before  (n  = 15)  and  after 
(n=15)  radiance  measurements  were  made.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  distance  of  each  corner  of  the  dotted 
polygon  from  the  circle  center  is  proportional  to  photon  radiance 
measurements  made  in  respective  directions.  Measurements  were  taken  2 
cm  from  the  sand  surface,  at  2225-2300.  The  weather  was  partly  cloudy 
with  no  moon.  Numerous  lighted  complexes  were  located  185°-270°. 
Radiance  measurements  were  made  at  500  nm  with  an  Oriel 
photomultiplier-detector  spectroradiometer  using  a monochrometer  slit 
width  of  3.16  mm  (bandpass  resolution =20  nm).  Measurements  were 
integrated  over  180°  by  combining  three  measurements  with  a 60°  angle 
of  acceptance  detector  spanning  180°.  Irradiance  in  the  ocean  direction 
was  1.88xl010  photons  s'1  m‘2  at  500  nm. 
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Figure  4-15.  Light  measurement  and  hatchling  orientation  data  for  form  vision  ability, 
stripes-gray  experiments  using  the  mural  arena  without  (A)  and  with  (B)  a 
cylindrical  film  of  waxpaper  surrounding  the  hatchling  and  measurement 
point.  The  inner  mural  was  configured  with  180°  of  alternating  black  and 
white  10°  stripes  and  180°  of  uniform  gray  #1  (C).  Irradiance  at  arena 
center  in  the  gray  #1  direction  (270°)  was  1.31xl012  (A)  and  1.23xl012 
photons  s'1  m‘2  at  500  nm  (B).  The  circular  scattergrams  in  A and  B 
depict  the  light  field  within  the  mural  arena  measured  with  a detector 
having  a 180°  angle  of  acceptance.  Distance  from  the  center  is 
proportional  to  photon  radiance  measurements  made  at  the  arena  center  in 
respective  directions,  which  are  separated  by  10°.  The  solid  arrows 
represent  the  mean  orientation  vector  of  20  hatchlings  orienting  within  the 
arena.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed. 
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Figure  4-16.  Light  measurement  and  hatchling  orientation  data  for  form  vision  ability, 
stripes-gray  experiments  using  the  mural  arena  without  (A)  and  with  (B)  a 
cylindrical  film  of  waxpaper  surrounding  the  hatchling  and  measurement 
point.  The  inner  mural  was  configured  with  180°  of  alternating  black  and 
white  10°  stripes  and  180°  of  uniform  gray  #2  (C).  Irradiance  at  arena 
center  in  the  gray  #2  direction  (270°)  was  8.42x10“  (A)  and  7.67x10" 
photons  s'1  m'2  at  500  nm  (B).  The  circular  scattergrams  in  A and  B 
depict  the  light  field  within  the  mural  arena  measured  with  a detector 
having  a 180°  angle  of  acceptance.  Distance  from  the  center  is 
proportional  to  photon  radiance  measurements  made  at  the  arena  center  in 
respective  directions,  which  are  separated  by  10°.  The  solid  arrows 
represent  the  mean  orientation  vector  of  20  hatchlings  orienting  within  the 
arena.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed. 
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Figure  4-17.  Light  measurement  and  hatchling  orientation  data  for  form  vision  ability, 
stripes-gray  experiments  using  the  mural  arena  without  (A)  and  with  (B)  a 
cylindrical  film  of  waxpaper  surrounding  the  hatchling  and  measurement 
point.  The  inner  mural  was  configured  with  180°  of  alternating  black  and 
white  10°  stripes  and  180°  of  uniform  gray  #3  (C).  Irradiance  at  arena 
center  in  the  gray  #3  direction  (270°)  was  7. 16x10"  (A)  and  6.51x10" 
photons  s'1  m'2  at  500  nm  (B).  The  circular  scattergrams  in  A and  B 
depict  the  light  field  within  the  mural  arena  measured  with  a detector 
having  a 180°  angle  of  acceptance.  Distance  from  the  center  is 
proportional  to  photon  radiance  measurements  made  at  the  arena  center  in 
respective  directions,  which  are  separated  by  10°.  The  solid  arrows 
represent  the  mean  orientation  vector  of  20  hatchlings  orienting  within  the 
arena.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed. 
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Figure  4-18.  Light  measurement  and  hatchling  orientation  data  for  form  vision  ability, 
black-white-gray  experiments  using  the  mural  arena.  The  inner  mural  was 
configured  with  90°  of  uniform  black,  90°  of  uniform  white,  and  180°  of 
uniform  gray  #1.  Irradiance  at  arena  center  in  the  gray  #1  direction 
(270°)  was  6.99xl010  photons  s'1  nr2  at  500  nm.  The  circular  scattergram 
depicts  the  light  field  within  the  mural  arena  measured  with  a detector 
having  a 180°  angle  of  acceptance.  Distance  from  the  center  is 
proportional  to  photon  radiance  measurements  made  at  the  arena  center  in 
respective  directions,  which  are  separated  by  10°.  The  solid  arrow 
represents  the  mean  orientation  vector  of  20  hatchlings  orienting  within  the 
arena.  Hatchling  groups  having  mean  vectors  extending  closest  to  the 
outside  of  the  circle  (approaching  r= 1.0)  are  the  most  directed. 
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Figure  4-20.  The  orientation  of  loggerhead  hatchlings  within  the  spherical  arena  in 
polarization  preference  experiments.  Solid  arrows  are  mean  orientation 
vectors  for  20  hatchlings  orienting  with  respect  to  two  circular  windows  at 
right  angles.  Hatchling  groups  having  mean  vectors  extending  closest  to 
the  outside  of  the  circle  (approaching  r=1.0)  are  the  most  directed. 
Windows  (small  circles)  were  illuminated  with  500  nm  light  which  was  not 
polarized  (shaded  circles),  polarized  with  the  e-vector  in  the  horizontal 
plane  (horizontally  lined  circles),  or  polarized  with  the  e- vector  in  the 
vertical  plane  (vertically  lined  circles). 
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CHAPTER  5 

EFFECTS  OF  ANTHROPOGENIC  LIGHTING 
ON  SEA-FINDING  ORIENTATION 

Introduction 

Hatchling  sea  turtles  emerge  from  nests  at  night  (Chapter  2)  and  depend  on  photic 
cues  to  locate  the  ocean  (Chapters  3 and  4).  In  their  endeavor  to  reach  the  sea,  correct 
orientation  is  critical  to  hatchling  sea  turtles.  Improper  orientation  and  sea-finding  failure 
are  rare,  except  in  instances  where  hatchlings  emerge  onto  beaches  illuminated  with 
anthropogenic  ("artificial")  lighting  (McFarlane,  1963;  Philibosian,  1976;  Mann,  1978). 
Where  lighting  is  present,  hatchlings  become  disoriented  (unable  to  maintain  orientation  in 
a constant  direction)  or  misoriented  (oriented  in  a direction  other  than  the  sea).  In  either 
case  expeditious  seaward  travel  is  thwarted,  often  resulting  in  hatchling  mortality  due  to 
exhaustion,  desiccation,  and  predation. 

The  number  of  individual  accounts  given  in  the  literature  do  not  represent  the  vast 
extent  of  the  sea-finding  disruption  problem  for  sea  turtles.  Instances  where 
anthropogenic  light  has  caused  hatchling  mortality  are  seldom  as  egregious  as  the  cases 
where  hatchlings  are  crushed  on  roadways  (McFarlane,  1963;  Philibosian,  1976),  reduced 
to  ashes  in  the  flames  of  an  abandoned  fire  (Mortimer,  1979),  or  led  onto  the  playing 
field  of  a baseball  game  in  progress  (Philibosian,  1976).  More  often  than  not, 
misoriented  hatchlings  are  depredated  by  beach  crabs  or  birds,  or  lose  themselves  in 
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nearby  dune  vegetation  (Witherington,  pers.  observ.).  In  one  example,  I was  told  of 
hundreds  of  dead  loggerhead  hatchlings  (Caretta  carettal  found  amidst  the  vegetation 
beneath  a mercury  vapor  luminaire  that  had  remained  on  for  several  nights  of  emergences 
at  Melbourne  Beach,  Florida,  USA  (L.  Ehrhart,  pers.  comm.). 

Why  are  sea  turtle  hatchlings  misdirected  to  such  an  extent  by  anthropogenic 
lighting?  Given  the  importance  of  photic  cues  to  sea-finding  hatchlings,  the  intuitive 
answer  is  that  anthropogenic  lighting  disrupts  the  natural  photic  cues  available  to 
hatchlings.  The  rules-of-thumb  for  seaward  orientation,  shaped  by  selection  to  identify 
the  seaward  direction  under  almost  any  set  of  natural  photic  conditions,  become  obsolete 
on  the  lighted  beaches  of  this  century’s  developed  coastlines.  But  why  does 
anthropogenic  lighting  have  a far  greater  effect  on  orientation  than  say,  bright  celestial 
light  sources?  At  least  in  part,  the  answer  lies  in  the  differences  of  directivity  between 
the  two  types  of  resultant  light  fields  (Verheijen,  1958).  Celestial  light  sources,  such  as 
the  sun  or  moon,  radiate  a great  deal  of  light,  but  in  turn  brighten  the  remainder  of  the 
light  field  as  well  (sky,  ocean,  and  other  directions).  Anthropogenic  light  sources,  such 
as  a luminaire  posted  on  a nesting  beach,  appear  bright  because  of  their  proximity  to  the 
observer,  but  are  not  radiant  enough  to  brighten  the  remainder  of  the  light  field.  As  a 
result,  luminaires  produce  highly  directive  light  fields  in  which  the  light  source  is 
tremendously  brighter  than  surrounding  directions.  In  these  highly  anisotropic  light 
fields,  the  brightest  direction  (toward  the  luminaire)  may  be  so  much  more  radiant  than 
competing  directions  that  other  visual  cues  (e.g.,  shape,  Chapter  4)  are  ignored  by 
orienting  hatchlings. 
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With  increased  shoreline  development,  disruption  of  hatchling  orientation  due  to 
anthropogenic  lighting-and  the  mortality  associated  with  it — is  increasing.  In  Florida, 
some  communities  adjacent  to  sea  turtle  nesting  beaches  have  promulgated  ordinances 
restricting  the  use  of  beachfront  lighting.  Preliminary  evidence  suggests  that  prohibition 
of  beach  lighting  during  the  nesting  season  substantially  reduces  disruption  of  sea  turtle 
hatchling  orientation  (Witherington,  1986).  Voluntary  programs  in  Queensland, 
Australia,  have  had  similar  effects  (Limpus  et  al.,  1981).  Although  the  response  of  the 
public  to  these  lighting  restrictions  has  been  encouraging,  the  large  scale  elimination  of 
anthropogenic  light  visible  from  the  beach  remains  a formidable  task  on  densely 
developed  beaches.  One  concern  is  that  reduced  lighting  compromises  the  safety  of 
people  using  the  beach. 

If  beachfront  lighting  could  be  designed  to  emit  light  visible  to  humans,  but 
outside  the  spectral  range  that  significantly  affects  the  seaward  orientation  of  sea  turtles, 
sea  turtles  could  be  protected  without  jeopardizing  human  safety.  Such  specialized 
lighting  would  constitute  an  acceptable  compromise  to  beach  communities  otherwise 
unwilling  to  mitigate  the  effects  of  their  lighting  on  sea  turtles.  In  Chapter  3,  I present 
evidence  that  the  photic  orientation  response  of  hatchling  sea  turtles  is  color-sensitive. 
For  green  turtles  (Chelonia  mvdas).  hawksbill  turtles  (Eretmochelvs  imbricata) , olive 
ridleys  (Lepidochelys  olivacea),  and  loggerheads,  light  in  the  yellow-red  region  of  the 
spectrum  is  less  attractive  than  shorter  wavelength  light  at  a given  intensity.  In 
loggerheads,  yellow  and  red  light  must  be  1.5  and  5.5  orders  of  magnitude  brighter, 
respectively,  than  green  light  to  elicit  significant  orientation  in  groups  of  hatchlings,  and 
for  sources  emitting  high  intensities  of  yellow  light,  loggerhead  hatchlings  show  an 
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aversion  response  (Chapter  3).  In  an  application  of  spectral  considerations  to  the  problem 
of  sea  turtle  hatchling  misorientation,  Dickerson  and  Nelson  (1988)  found  loggerhead 
hatchlings  presented  predominantly  long-wavelength  light  sources  to  have  better  seaward 
orientation  than  hatchlings  presented  short-wave  length  sources. 

In  this  chapter  I examine  effects  that  anthropogenic  lighting  have  on  the  sea- 
finding  orientation  of  hatchling  sea  turtles.  The  purpose  of  this  study  was  to  quantify  the 
orientation  of  hatchling  sea  turtles  with  respect  to  spectrally  varied  types  of  commercial 
light  sources,  and  to  suggest  which  of  these  luminaires  may  be  suitable  to  replace  those 
causing  hatchling  mortality  on  developed  beaches. 

Methods 

Hatchlings 

I obtained  hatchlings  from  clutches  screened  individually  for  their  protection  at 
Delray  Beach,  Florida  (loggerheads),  or  transferred  into  beach  hatcheries  near  Melbourne 
Beach,  Florida  (loggerheads),  and  Tortuguero,  Costa  Rica  (green  turtles).  Groups  of 
emerging  hatchlings  from  hatcheries  or  individual  nests  were  located  by  examining 
marked  clutches  for  signs  of  hatchling  emergence  activity  at  dusk  beginning  50  d into 
incubation  (incubation  period  *50-57  d).  I collected  hatchlings  just  after  dusk,  at  the 
beginning  of  the  nocturnal  emergence  period  (Chapter  2),  and  transported  them  in 
darkened  buckets  to  beach  study  areas  at  Delray  Beach,  Indian  River  County,  Florida, 
and  Tortuguero,  each  less  than  30  min  away  from  the  beach  where  hatchlings  were 
collected.  I kept  hatchlings  in  the  dark  to  insure  that  they  remained  dark-adapted  and 
photically  naive  for  experimental  trials.  Each  hatchling  was  used  for  a single  trial  and 
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was  released  on  the  beach  the  same  night.  Hatchlings  from  a single  clutch  were  used  in 
all  treatments  of  an  experiment  on  a single  night  of  work,  except  at  Delray  Beach.  At 
Delray  Beach,  clutches  also  were  used  for  a single  work  night,  but  only  two  of  the  four 
treatments  were  conducted  on  each  night. 

Commercial  Lighting  Experiments.  Loggerhead  Hatchlings 

The  study  area  for  these  experiments  was  a section  of  dark,  undeveloped  beach  in 
Indian  River  County,  Florida,  where  there  is  substantial  nesting  of  loggerhead  turtles.  I 
used  a circular  pitfall  arena  similar  to  that  described  by  Mrosovsky  and  Carr  (1967)  to 
determine  the  orientation  direction  of  loggerhead  hatchlings  exposed  to  anthropogenic 
lighting.  The  arena  consisted  of  a circular  trench,  30  cm  deep  and  8 m in  diameter,  dug 
into  the  beach  (Fig.  5-1).  The  circular  trench  was  divided  into  32  compartments 
separated  by  numbered  wooden  dividers.  The  light  source  for  the  experimental  and 
control  treatments  was  positioned  at  a right  angle  to  the  direct  ocean  route  from  the  arena 
center,  and  7.5  m from  that  center.  Each  of  the  five  luminaires  in  the  experimental 
treatments  was  mounted  within  a 0.5  m3  wooden  box  supported  on  a portable  stand  75  cm 
above  the  beach.  Each  box  had  a 0.5  m2  window  fitted  with  diffusing  acrylic.  This 
acrylic  was  found  not  to  spectrally  bias  the  transmission  of  light  between  350  and  750  nm 
(measurement  made  with  a LICOR  LI- 1800  spectroradiometer).  Luminaires  were 
powered  with  a Honda  EX  1000,  portable  1000  W generator,  from  which  the  AC  voltage 
did  not  vary  more  than  one  percent. 

The  five  types  of  luminaires  used  as  light  sources  in  the  experiments  were  high 
pressure  sodium  vapor  (HPS;  one  70  W Philips),  low  pressure  sodium  vapor  (LPS;  one 
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35  W Philips),  yellow-tinted  incandescent  "bug  light"  lamps  (BUG;  seven  100  W Ace), 
red-tinted  incandescent  lamps  (RED;  five  150  W Ace),  and  white,  quartz  incandescent 
(WHITE;  one  300  W American  Electric).  I chose  the  five  light  sources  for  their  varied 
spectral  emission  (Figs.  5-2,  5-3,  5-4,  5-5,  and  5-6)  and  their  common  usage  as  outdoor 
lighting  found  near  nesting  beaches.  Illuminance  of  the  light  sources  was  set  at  two 
intensities  by  inserting  light  shields  with  different  sized  apertures  into  the  boxes. 

Apertures  were  inserted  so  that  light  coming  from  each  box  filled  the  entire  acrylic 
window.  I chose  two  illuminance  levels,  1.9  lux  (I)  and  6.2  lux  (II)  (+  0.05  lux, 

Minolta  T-l  illuminance  meter,  accuracy  ± 0.01  lux)  measured  at  the  arena  center,  as 
levels  of  illumination  typically  used  for  outside  security  and  public  walkways,  respectively 
(Philips,  no  date).  The  five  light  sources  at  two  intensity  levels  each  constituted  ten 
experimental  treatments.  In  a control  treatment,  light  sources  were  stationed  as  in  the 
experimental  treatments,  with  the  generator  operating,  but  were  not  turned  on.  Electric 
discharge  luminaires  (LPS  and  HPS)  were  run  for  at  least  20  min  prior  to  each  trial  so 
that  both  spectral  emission  and  illuminance  remained  constant. 

Experiments  were  conducted  on  the  beach  at  night  between  2200  and  0330.  At 
the  beginning  of  each  experimental  trial,  individual  hatchlings  were  transferred  in 
darkness  to  a black  cloth  bag  and  released  into  the  center  of  the  arena  using  a remote 
release  mechanism,  operated  from  a point  3 m from  the  arena  perimeter  in  the  dune 
vegetation  (Fig.  5-1).  Hatchlings  that  did  not  move  to  the  outer  trench  of  the  arena 
within  5 min  were  discarded  as  subjects;  less  than  5%  of  the  hatchlings  used  were 
discarded.  The  behavior  of  hatchlings  during  the  release  was  observed  using  night-vision 
goggles  (Excalibur  Enterprizes)  and  an  infrared  source.  The  pitfall  compartment  into 
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which  a hatchling  fell  at  the  end  of  its  trial  determined  the  orientation  recorded  for  that 
hatchling. 

The  release  of  a single  hatchling  and  its  subsequent  capture  in  the  surrounding 
pitfall  constituted  a trial.  There  were  30  trials  for  each  of  the  11  treatments.  Trials  for 
any  given  treatment  were  conducted  with  hatchlings  from  different  clutches  (30  clutches 
used).  Blocks  of  11  trials  (one  trial  of  each  treatment  per  block)  were  conducted  within  a 
1 h period  and  under  similar  meteorological  conditions.  I made  paired  comparisons  of  the 
orientation  vector  data  from  each  experimental  treatment  and  the  corresponding  control 
treatment.  Because  class  intervals  were  more  than  5°,  nonparametric  tests  for  direction 
and  dispersion  specified  for  circular  data  (Batschelet,  1981)  were  used  in  these 
comparisons.  A Bonferroni  adjustment  of  P was  made  so  that  the  significance  level  for 
all  tests  was  less  than  0.05  (for  each  significant  test  individually,  P< 0.005). 

Commercial  Lighting  Experiments.  Green  Turtle  Hatchlings 

The  study  area  for  these  experiments  was  a section  of  dark,  undeveloped  beach  at 
Tortuguero,  Costa  Rica,  where  there  is  substantial  nesting  of  green  turtles.  I used  a 
circular  arena  on  the  beach  to  determine  the  orientation  direction  of  green  turtle  hatchlings 
exposed  to  anthropogenic  lighting.  The  arena  and  methods  were  similar  to  those 
described  above  for  loggerheads  (Fig.  5-1),  except  for  the  method  for  determining 
hatchling  orientation.  In  these  experiments,  I measured  hatchling  orientation  by  releasing 
30  hatchlings,  five  at  a time,  in  the  center  of  a 4 m diameter  circle  using  a remote  release 
device.  The  remote  release  device  released  hatchlings  from  a black  cloth  bag  at  the  circle 
center  when  a line  pulled  by  experimenters  upturned  the  bag.  Experimenters  remained  4 


168 


m from  the  circle  perimeter.  The  circle  perimeter  was  a string  marked  every  5°  and 
anchored  to  the  beach  by  eight  wooden  stakes.  I determined  orientation  of  individual 
hatchlings  by  observing  where  hatchling  tracks  exited  the  circle.  In  group  releases,  no 
hatchling  took  longer  than  5 min  to  exit  the  circle.  Experiments  were  conducted  on  the 
beach  at  night  between  2200  and  0200.  Weather  for  all  trials  was  mostly  cloudy  with  no 
moon  visible. 

I used  two  types  of  light  sources,  a 35  W LPS  (VL  Lighting)  and  a 100  W 
mercury  vapor  (MV;  Regent  Lighting)  luminaire.  In  four  experimental  treatments,  either 
light  source  was  positioned  3 m or  7 m from  the  perimeter  of  the  circular  arena  in  the 
direction  opposite  the  most  direct  ocean  route.  Luminaires  were  placed  globe  down  on 
top  of  a 30  cm  tall  platform  at  each  position.  In  two  additional  control  treatments  (one 
for  each  luminaire  position),  light  sources  were  stationed  as  in  the  experimental 
treatments,  with  the  generator  operating,  but  were  not  turned  on.  I chose  the  two  light 
sources  for  their  similar  luminance,  varied  spectral  emission  (Figs.  5-6  and  5-7),  and  their 
common  usage  as  outdoor  lighting  found  near  nesting  beaches.  Illuminance  levels  of  the 
light  sources  measured  at  the  center  of  the  arena  were  99.1  (LPS,  3 m),  96.7  (MV,  3 m), 
4.02  (LPS,  7 m),  and  3.88  lux  (MV,  7 m)  (+.  0.05  lux,  Minolta  T-l  illuminance  meter, 
accuracy  ± 0.01  lux).  Luminaires  were  run  for  at  least  20  min  prior  to  each  trial  so  that 
both  spectral  emission  and  illuminance  remained  constant.  Luminaires  were  powered 
with  a Honda  EX  650,  portable  650  W generator,  from  which  the  AC  voltage  did  not 
vary  more  than  three  percent.  I made  paired  comparisons  of  the  orientation  vector  data 
from  each  experimental  and  control  treatments  using  Watson’s  U2  test  (Batschelet,  1981). 
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A Bonferroni  adjustment  of  P was  made  so  that  the  significance  level  for  all  tests  was  less 
than  0.05  (for  each  test  individually,  P< 0.017). 

Light-mixing  Experiments 

The  study  area  for  these  experiments  was  a section  of  dark,  undeveloped  beach  in 
Indian  River  County,  Florida,  where  there  is  substantial  nesting  of  loggerhead  turtles.  In 
these  experiments,  I measured  loggerhead  hatchling  orientation  in  each  treatment  by 
releasing  30  hatchlings,  five  at  a time,  in  the  center  of  a 4 m diameter  arena  identical  to 
the  one  described  above  for  green  turtle  experiments.  Experiments  were  conducted  on  the 
beach  at  night  between  2200  and  0400.  In  these  experiments,  four  types  of  commercial 
light  sources  (LPS,  VL  Lighting;  HPS,  Regent  Lighting;  25  W white  incandescent,  Ace; 
and  150  W incandescent,  Ace)  were  presented  in  differing  combinations  and  at  varying 
positions  relative  to  hatchlings  orienting  within  the  arena.  Light  sources  were  mounted 
within  a 100x36x36  cm  wooden  box  with  a 34x34  cm  window  in  one  side,  covered  with  a 
pane  of  diffusing  acrylic.  The  light  source  box  was  presented  at  sand  level.  Light 
sources  were  powered  with  Honda  EX  1000  and  EG  650  generators  located  as  in  (Fig.  5- 
1).  There  were  61  treatments  divided  into  nine  treatment  blocks.  In  eight  treatment 
blocks,  a single  luminaire  (HPS,  25  W,  or  150  W)  was  presented  either  off,  off  in 
addition  to  a single  LPS  luminaire,  lighted  alone,  or  lighted  in  addition  to  one,  two, 
three,  or  four  LPS  luminaires.  In  a single  treatment  block,  zero,  one,  two,  three,  or  four 
lighted  LPS  luminaires  were  presented.  Illuminance  levels  varied  with  each  treatment 
(Table  5-1),  but  in  every  case,  illuminance  levels  increased  when  light  from  LPS 
luminaires  was  added  to  the  light  source.  The  most  direct  ocean  route  for  hatchlings 
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within  the  arena  was  approximately  east.  The  position  of  the  light  source  in  treatment 
blocks  was  either  6m  south  of  the  arena  center,  3 m south,  6 m west,  or  3 m west. 
Treatments  are  outlined  in  Table  5-1.  I conducted  a Rayleigh  test  for  directivity  and 
calculated  mean  orientation  vector  for  each  treatment  (Batschelet,  1981). 

Orientation  and  Light  Measurements  on  a Lighted  Beach 

The  study  area  for  these  experiments  was  a section  of  densely  developed  and 
lighted  beach  at  Delray  Beach,  Florida.  Although  loggerhead  turtles  nest  on  this  beach, 
hatchlings  from  nests  are  commonly  misoriented.  To  prevent  this,  nests  are  routinely 
translocated  to  darkened  areas  or  screened  so  that  hatchlings  can  be  released  away  from 
distracting  light.  In  these  experiments,  I measured  loggerhead  hatchling  orientation  at  a 
lighted  portion  of  Delray  Beach  by  releasing  30  hatchlings,  five  at  a time,  in  the  center  of 
a 4 m diameter  arena  identical  to  the  one  described  above  for  green  turtle  experiments. 
Experiments  were  conducted  on  the  beach  at  night  with  no  moon  present  between  2200 
and  0130  in  September  1990.  The  hatchling  release  site  (arena  center)  was  on  the  beach 
10  m east  of  a line  of  dune  vegetation.  The  most  direct  ocean  route  from  arena  center 
was  95°.  A lighted  highway  ran  parallel  to  the  beach  behind  the  vegetation.  Eight 
luminaires  on  poles  (90  W LPS,  7.7  m height,  spaced  every  75  m)  west  of  the  highway 
were  visible  from  most  of  the  beach  and  all  of  the  arena.  Additional  LPS  luminaires 
lined  the  highway  but  were  kept  off  throughout  the  experiment.  Numerous  additional 
luminaires  (MV,  HPS,  and  incandescent)  were  located  300  m and  farther  from  the  release 
area.  Distinct  glows  were  visible  from  the  arena  due  to  lighting  from  the  cities  of  Boca 
Raton,  Delray  Beach,  and  Boynton  Beach,  Florida  (subtending  200°-345°). 
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Measurements  of  the  angular  radiance  distribution  (ARD)  at  this  site  are  presented  in 
Chapter  4 (Fig.  4-14). 

Hatchling  orientation  and  light  measurements  were  made  during  each  of  four 
treatments  in  which  1)  the  eight  LPS  luminaires  on  the  highway  were  lighted  (LPS-on),  2) 
the  eight  LPS  luminaires  were  off  (LPS-off),  3)  the  eight  LPS  luminaires  were  lighted  in 
addition  to  two  35  W LPS  luminaires  (VL  Lighting)  positioned  on  the  sand  3 m from 
arena  center  at  230°  and  320°  (LPS-on+2),  4)  the  eight  LPS  luminaires  were  off  and  the 
additional  two  LPS  luminaires  were  lighted  (LPS-off +2).  The  additional  LPS  luminaires 
were  powered  with  Honda  EX  1000  and  EG  650  generators.  Following  hatchling 
releases,  I made  irradiance  measurements  in  the  sea  and  dune  directions,  and  in  the 
brightest  direction  at  500  nm  as  measured  with  a detector  having  a 180°  azimuthal  angle 
of  acceptance  (AO A;  Chapter  4).  I measured  irradiance  at  the  hatchling  release  site  using 
an  Oriel  Autoranging  Radiometry  System  (model  78350,  Chapter  3)  with  the  receiving 
portion  of  the  instrument  positioned  horizontally  and  2 cm  from  the  sand  surface. 
Illuminance  in  the  dune  direction  (275°)  at  arena  center  was  measured  during  the 
following  treatments:  LPS-off+2  (136  lux),  LPS-on+2  (139  lux),  LPS-on  (1.63  lux), 
LPS-off  (0.32  lux).  I conducted  a Rayleigh  test  for  directivity  and  calculated  mean 
orientation  vector  for  each  treatment,  and  conducted  Watson’s  U2  tests  between  LPS-on 
and  LPS-off  treatments  (Batschelet,  1981). 
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Results 

Commercial  Lighting  Experiments.  Loggerhead  Hatchlings 

Hatchlings  released  in  each  treatment  maintained  relatively  straight  paths  to  the 
outside  of  the  arena.  Circling  was  rare  ( < 1 %)  and  only  occurred  immediately  after  a 
hatchling  fell  from  the  release  bag.  All  treatment  groups  were  significantly  directed 
(Rayleigh  test,  a =0.05).  Each  of  the  luminaires  tested  affected  the  seaward  orientation 
of  hatchlings  significantly,  either  in  the  direction  they  traveled  or  in  the  angular  width  in 
which  they  dispersed  (Table  5-2,  Fig.  5-8).  Only  the  BUG-II  source  did  not  significantly 
affect  direction,  and  only  the  LPS-I  source  did  not  significantly  affect  dispersion.  Not  all 
of  the  sources  affected  the  direction  of  orienting  hatchlings  similarly  (Fig.  5-8).  In  trials 
where  HPS,  RED,  and  WHITE  sources  were  presented,  the  mean  hatchling  orientation 
vectors  bisected  the  angle  between  the  direct  ocean  route  and  the  light  source.  The 
orientation  of  hatchlings  presented  BUG  I and  both  LPS  sources,  however,  angled  toward 
the  ocean  and  away  from  the  light  source. 

Treatments  in  which  the  highest  proportion  of  hatchlings  oriented  seaward  (± 

34°)  were  those  with  BUG-II,  and  LPS  I and  II  sources  (Fig.  5-8).  Hatchlings  in  the 
BUG  and  LPS  treatments  were  least  attracted  to  the  light  source.  Hatchlings  in 
treatments  with  WHITE  sources  exhibited  the  poorest  seaward  orientation  and  the  greatest 
attraction  to  the  light  source.  Among  treatments  with  HPS,  BUG,  RED  and  WHITE 
sources,  lower  illuminance  levels  (I)  corresponded  with  a wider  angular  range  of 
hatchling  orientation  vectors  (Table  5-2). 


Commercial  Lighting  Experiments.  Green  Turtle  Hatrhlinpc 
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Both  MV  and  LPS  luminaires  had  noticeable  effects  on  the  ability  of  green  turtle 
hatchlings  to  orient  seaward,  but  the  lighted  MV  luminaire  held  the  greatest  attraction 
(Figs.  5-9,  5-10).  Hatchling  orientation  was  significantly  directed  (Rayleigh  test, 
a =0.05)  in  all  treatments  other  than  the  one  in  which  the  lighted  LPS  luminaire  was 
presented  3 m from  the  hatchling  release  point  (r=0.22,  P>0.20).  Hatchling  orientation 
in  the  control  (lights  off)  treatment  was  different  from  orientation  in  lighted  MV 
(Watson’s  U2  test,  U2=1.20,  P<0.001)  and  LPS  (U2=0.404,  P<0.001)  treatments  with 
luminaires  3 m from  the  hatchling  release  point.  In  treatments  with  the  luminaires  7 m 
from  the  hatchling  release  point,  hatchling  orientation  in  the  MV  treatment  was  different 
from  the  control  (U2=0.533,  P<  0.001),  but  orientation  in  the  LPS  treatment  was  not 
(U2=0.0775,  P>0.20).  Hatchling  orientation  was  different  between  MV  and  LPS 
treatments  with  light  sources  presented  either  3 m (U2=0.307,  P=0.002-0.005)  or  7 m 
from  the  hatchling  release  point  (U2=0.864,  PcO.001). 

Light-mixing  Experiments 

Loggerhead  hatchlings  in  light-mixing  experiments  were  attracted  to  light  sources 
with  solitary  white-incandescent  and  HPS  luminaires  (a  luminaires),  and  were  averse  to 
sources  with  single  LPS  luminaires  (Figs.  5-11  to  5-19).  In  general,  adding  LPS  light  to 
white  or  HPS  light  decreased  the  attractiveness  of  the  light  source  to  hatchlings  (Figs.  5- 
l2  to  5-19).  In  all  treatment  groups  in  which  LPS  light  was  added  to  an  a luminaire 
(n=8),  hatchling  orientation  in  a luminaire  only  treatments  was  more  directed  toward  the 
light  source  than  treatments  in  which  LPS  light  was  added,  a trend  that  was  significantly 
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non-random  (chi-square  = 16,  df=2,  P< 0.005).  The  a luminaire  only  treatments  had  the 
lowest  illuminance  levels  (Table  5-1).  In  treatments  with  LPS  light  only,  however, 
hatchlings  were  most  averse  to  the  lowest  light  intensities  (Fig.  5-11). 

Orientation  and  Light  Measurements  on  a Lighted  Beach 

Loggerhead  sea-finding  orientation  at  Delray  Beach  in  both  LPS-on  and  LPS-off 
treatments  was  poor  (Fig.  5-20).  Approximately  one  third  of  the  hatchlings  in  these 
treatments  continued  toward  the  vegetation  of  the  dune  (LPS-on,  n=10  of  30;  LPS-off, 
n=9  of  30)  before  being  picked  up  by  experimenters.  Hatchling  orientation  in  LPS-on 
and  LPS-off  treatments  was  not  significantly  different  (Watson’s  U2  test,  U2 =0.066, 
P>0.5).  In  both  LPS-on  and  LPS-off  treatments,  hatchling  orientation  was  significantly 
directed  (Rayleigh  test,  a =0.05)  toward  the  glow  over  Boca  Raton,  a municipality  just 
south  of  Delray  Beach.  In  treatments  with  additional  lighted  LPS  luminaires  placed  near 
the  dune  side  perimeter  of  the  arena,  hatchling  orientation  was  strongly  directed  (r=0.90 
each  case)  toward  the  ocean  (Fig.  5-21).  Hatchlings  in  these  treatments  continued 
seaward  until  being  picked  up  by  experimenters  just  before  the  swash  zone. 

The  spectral  composition  of  light  at  the  Delray  Beach  site  with  the  LPS  luminaires 
lighted  was  dominated  by  the  590  nm  peak  characteristic  of  LPS  (Fig.  5-22).  With  a 
reduction  of  scale  on  the  ordinate,  however,  characteristic  peaks  of  HPS  (500  nm)  and 
MV  (440  nm)  can  be  seen  (Fig.  5-22;  see  Figs.  5-5,  5-6,  and  5-7  for  luminaire  spectra). 
Spectral  light  measurements  with  the  LPS  luminaires  off  are  dominated  by  the  spectral 
peaks  of  HPS  and  MV  (Fig.  5-23).  Irradiance  in  all  directions  measured  was  influenced 
by  the  HPS  and  MV  lighting  of  the  cities  to  the  west  (Figs.  5-22,  5-23). 
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Discussion 

Commercial  Lighting  and  Hatchling  Orientation 


The  principal  objective  of  this  study  was  to  test  commercial  light  sources-light 
sources  used  to  provide  light  for  human  vision  at  night-for  effects  on  hatchling  sea  turtle 
behavior.  Owing  to  the  nature  of  this  endeavor,  consideration  should  be  given  to  the 
consequences  of  disparity  between  human  and  sea  turtle  sensory  worlds  (umwelt).  The 
fact  that  there  is  disparity  at  all  between  human  and  sea  turtle  visual  umwelt  indicates  that 
the  terms  we  use  to  identify  colors  (blue,  red,  among  others)  do  not  apply  quantitatively 
to  the  behavior  of  the  animals  concerned.  For  instance,  a number  of  spectrally  differing 
light  sources  may  appear  as  an  identical  color  to  us,  although  each  may  be  treated  as  a 
different  stimulus  by  a hatchling  sea  turtle.  In  addition,  judgements  of  light  intensity  or 
brightness  will  vary  across  the  spectrum  between  humans  and  sea  turtle  species.  The 
measure  that  I have  used  to  quantify  light  intensity  among  the  luminaires  tested, 
illuminance,  is  based  on  a human  visual  standard.  Although  I did  not  select  luminaires 
for  color,  I did  match  illuminance  levels  of  the  luminaires  I presented  to  hatchlings. 

Thus,  the  most  appropriate  lighting  for  sea  turtle  nesting  beaches,  as  evaluated  by  this 
study,  is  determined  by  the  disparity  between  the  degree  of  sea-finding  disruption  and  the 
human  perception  of  brightness.  The  resulting  data  were  meant  to  be  applied  toward  the 
problem  of  anthropogenic  lighting  and  sea  turtles,  but  nonetheless,  provide  some 
additional  insight  into  the  basic  biology  of  hatchling  sea-finding  behavior. 

Because  each  of  the  light  sources  I tested  affected  the  sea-finding  behavior  of 
hatchling  green  turtles  and  loggerheads  to  some  degree,  it  is  clear  that  none  exclusively 
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emits  light  beyond  the  sensory  range  of  the  hatchlings.  The  manner  and  degree  of 
hatchling  responses,  however,  varied  greatly.  In  Chapter  3,  I examined  the  behavioral 
responses  of  sea  turtle  hatchlings  to  spectral  light  and  found  that  light  in  the  short- 
wavelength  end  of  the  human  sensory  range  was  most  attractive  to  hatchlings  of  the  four 
species  studied.  These  findings  concur  with  the  results  of  the  study  in  this  chapter.  In 
loggerhead  hatchlings,  the  light  source  emitting  the  greatest  proportion  of  short- 
wavelength  light  (WHITE,  Fig.  5-2)  proved  more  attractive  (Fig.  5-8).  I found  sources 
emitting  intermediate  and  long-wavelength  light  (BUG,  Fig.  5-3;  LPS,  Fig.  5-6)  to  be  less 
attractive  to  loggerhead  hatchlings  than  the  source  emitting  primarily  long-wavelength 
light  (RED,  Fig.  5-4)  (Fig.  5-8).  The  RED  source  did,  however,  emit  considerable  light 
in  the  near-ultraviolet  range  (300-350  nm),  a region  of  the  spectrum  visible  and  attractive 
to  loggerhead  hatchlings  (Chapter  3).  The  negative-phototactic  response  seen  in 
loggerhead  hatchlings  presented  monochromatic,  intermediate-wavelength  (590  nm, 
yellow,  LPS;  Chapter  3)  light  may  explain  the  varied  response  of  hatchlings  to  the  mixed, 
intermediate  to  long-wavelength  source  (BUG,  and  to  some  extent  RED)  and  the 
intermediate  to  short-wavelength  source  (HPS)  (Fig.  5-8).  Green  turtle  hatchlings  had 
sea-finding  disrupted  more  and  were  attracted  more  to  light  from  the  MV  source  than 
light  from  LPS  (Figs.  5-9,  5-10).  The  MV  source  has  substantial  short-wavelength 
emission  in  the  ultraviolet  (360  nm),  violet  (400  nm),  blue  (440  nm),  and  green  (550  nm). 

The  results  of  experiments  in  which  varied  light  sources  were  presented  in 
combination  to  loggerhead  hatchlings  (light-mixing  experiments)  indicate  that  the  effects 
of  spectrally  different  light  sources  are  additive.  Light  sources  normally  attractive  to 
loggerhead  hatchlings-white  incandescent  and  HPS-were  made  less  attractive  by 
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increasing  overall  light  source  intensity  with  added  light  from  LPS  sources  (Figs.  5-12  to 
5-19).  Decreased  attraction  to  light  sources  was  evinced  by  decreased  directivity  toward 
the  light  and  redirection  toward  the  ocean.  These  data  support  the  hypothesis  that 
concentrated  sources  rich  in  yellow  light  are  less  attractive  to  sea-finding  loggerhead 
hatchlings  than  sources  and  directions  equally  bright,  but  less  yellow  (Chapter  3). 

The  hatchling  orientation  study  at  Delray  Beach  was  a real-world  test  of  the  use  of 
LPS  luminaires  to  reduce  the  disruption  of  loggerhead  hatchling  orientation  on  developed 
beaches.  Prior  to  my  study  at  Delray  Beach,  the  public  was  made  aware  of  the  lighting 
problem  there  when  the  local  press  published  accounts  of  loggerhead  hatchlings  being 
crushed  on  the  lighted  road  near  the  nesting  beach.  In  an  effort  to  solve  this  problem,  the 
HPS  luminaires  lining  the  road,  which  appeared  to  be  the  major  light  source,  were 
replaced  with  LPS.  After  the  lighting  substitution,  hatchlings  continued  to  appear  in  the 
roadway,  and  observations  of  hatchling  orientation  on  the  beach  by  M.  Salmon,  J. 
Wyneken,  and  co-workers,  showed  that  hatchling  misorientation  remained  a problem. 

Both  the  observations  of  Salmon  and  Wyneken,  and  the  later  orientation  experiments  I 
conducted,  were  during  a new  moon  phase  when  natural  ambient  light  was  lowest.  The 
experiments  I conducted  showed  that  the  LPS  lighting  on  the  roadway  did  not  exacerbate 
the  disruption  of  sea-finding,  but  also  did  not  lessen  the  effects  of  other  lighting  visible  at 
the  site  (Fig.  5-20).  The  cause  of  the  sea-finding  disruption  at  Delray  Beach  was  the  non- 
point source  light  from  the  cities  surrounding  the  nesting  beach.  With  the  LPS  luminaires 
off,  illuminance  in  the  dune  direction  at  Delray  Beach  was  *300  times  greater  than 
similar  measurements  made  at  the  undeveloped  beach  of  Indian  River  County.  Lighting 
in  the  dune  direction  at  Delray  Beach  was  composed  primarily  of  HPS  and  MV,  both 
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directly  visible  from  the  beach  and  evident  from  a distinct  glow  over  the  landward 
horizon.  The  effects  of  distant  city  glow  also  have  been  noted  by  Rhijn  (1979),  who 
describes  green  turtle  hatchlings  on  a beach  in  Surinam  moving  toward  the  skyshine  of  a 
town  50  km  away.  These  examples  describe  both  the  extent  and  complexity  of  the 
problem  regarding  anthropogenic  lighting  and  sea  turtles. 

Implications  for  Sea  Turtle  Conservation 


Verheijen  (1985)  termed  the  introduction  of  biologically  detrimental  light  into  the 
environment  "photopollution,"  a term  that  has  been  used  by  astronomers  (Dawson,  1984; 
Eakin,  1986)  to  describe  the  light  that  obliterates  the  view  of  the  night  sky.  Like  other 
forms  of  pollution,  light  on  sea  turtle  nesting  beaches  can  be  eliminated  or  reduced  to 
lessen  its  threat.  Because  the  elimination  of  anthropogenic  lighting  visible  from  sea  turtle 
nesting  beaches  is  the  most  guaranteed  approach  to  solving  the  problem  of  hatchling 
mortality  from  misdirection,  I hesitate  to  suggest  alternatives  to  this  ideal.  As  I have 
discussed,  however,  a complete  attainment  of  this  goal  may  be  unrealistic. 

Although  some  anthropogenic  lighting  may  be  present  on  nesting  beaches  without 
significantly  affecting  sea  turtles,  I am  unable  to  quantify  this  level.  The  level  of 
illumination  necessary  to  impede  hatchling  sea-finding  apparently  varies  greatly  with  the 
spectral  qualities  of  the  source(s)  (this  study)  and  very  likely,  the  level  and  quality  of 
ambient  illumination  (Verheijen,  1985).  I am  able,  however,  to  specify  an  array  of 
luminaire  types  having  certain  spectral  characteristics  that  least  affect  orientation.  Broad 
spectrum,  short-wavelength  emitting  luminaires,  such  as  MV,  HPS,  and  white 
incandescent,  disrupt  hatchling  sea-finding  to  the  greatest  extent.  Although  all  luminaires 
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affected  hatchling  sea-finding  to  some  degree,  the  LPS  luminaire  showed  the  smallest 
biological  effect  on  green  turtles  and  loggerheads,  and  is  expected  to  have  the  least  effect 
on  hawksbills  and  olive  ridleys.  Lighted  LPS  luminaires  also  have  been  shown  not  to 
disrupt  the  nesting  behavior  of  adult  female  loggerheads  and  green  turtles  (Witherington, 
in  press).  Whereas  the  emergence  of  nesting  turtles  onto  a beach  lighted  with  MV 
luminaires  was  deterred,  LPS  lighting  had  no  significant  effect  on  nesting. 

The  unique  effects  of  LPS  lighting  on  hatchlings  stem  both  from  a reduced 

sensitivity  to  light  in  this  spectral  range  (green  turtles  and  loggerheads)  and  the  peculiar 

aversion  to  yellow  light  shown  by  loggerheads  (Chapter  3).  Although  one  of  the  effects 

of  LPS  light  on  loggerheads  may  be  to  actually  correct  sea-finding  orientation  on  a lighted 

beach  (Fig.  5-21),  I do  not  believe  that  a deployment  of  LPS  luminaires  for  this  purpose, 

without  a reduction  of  disruptive  lighting,  would  constitute  a sound  conservation  strategy. 

The  aversant  effects  of  monochromatic  yellow  and  LPS  light  are  seen  only  at  high  light 

levels  (Chapter  3,  Figs.  5-12  to  5-19).  Thus  to  improve  sea-finding  on  a lighted  beach, 

illuminance  would  need  to  be  considerably  higher  than  what  is  typical  for  outside  lighting 

(Table  5-1).  Even  the  rather  extensive  lighting  of  the  beach  at  Delray  Beach  by  LPS  was 

not  sufficient  to  correct  loggerhead  orientation  there  (Fig.  5-20).  Illuminance  (and  effect) 

from  a given  LPS  source  also  will  be  dependent  on  the  position  of  the  observer 

(hatchling).  At  low  illuminance  levels,  there  even  may  be  a detrimental  effect  (attraction) 

of  LPS  light  on  loggerhead  sea-finding  (Chapter  3),  although  I have  not  observed  this  on 
the  beach. 

I conclude  that  LPS  luminaires  offer  an  appropriate  substitute  for  more  disruptive 
forms  of  lighting  on  sea  turtle  nesting  beaches.  LPS  lighting  is  expected  to  cause  the 
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least  disruption  to  sea-finding  in  loggerheads,  although  the  substitution  of  LPS  lighting 
should  also  reduce  sea- finding  disruption  in  green  turtles,  and  likely,  hawksbills  and  olive 
ridleys.  It  would  be  a mistake,  however,  to  abandon  the  comprehensive  effort  to  darken 
sea  turtle  nesting  beaches,  especially  when  these  efforts  appear  to  be  working 
(Witherington,  1986;  Limpus  et  al.,  1981).  LPS  luminaires  should  be  considered  only  as 
a compromise,  for  the  elimination  of  beach  lighting  remains  the  most  complete  way  to 
protect  sea  turtle  hatchlings  and  preserve  nesting  on  historical  nesting  beaches. 


Table  5-1.  Illuminance  levels  (in  lux)  measured  at  the  center  (hatchling  release  point)  of  the  beach  orientation  arena 
preceding  light-mixing  experiments.  Measurements  were  made  using  a Minolta  T-l  illuminance  meter  facing  the  light 
source  and  2 cm  from  the  sand  surface.  The  a luminaire  was  the  single  luminaire  to  which  additional  LPS  luminaires 
were  added.  Source  position  was  the  location  of  the  box  containing  all  light  sources,  measured  from  the  arena  center. 
The  most  direct  ocean  route  was  east. 
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Table  5-2.  Results  of  nonparametric  tests  for  direction  and  dispersion  between 
experimental  and  control  treatment  groups  of  hatchling  loggerheads  released  at  the  center 
of  a circular  arena.  Light  sources  used  in  the  treatments  were  presented  90  degrees  with 
the  most  ocean  direct  path  at  0 degrees.  The  light  sources  were  low  pressure  sodium 
vapor  (LPS),  high  pressure  sodium  vapor  (HPS),  yellow  (BUG)  and  red  (RED)  tinted 
incandescent,  and  white  (WHITE)  incandescent  lamps,  designated  I or  II  for  low  or  high 
illuminance  (see  text).  In  the  control  treatment,  light  sources  remained  off. 

Control  vs.  Experimental 
Treatment  fPi 

Treatment  Mean  Angle  (°)  Angular  Range  (°)  Direction  Dispersion 


Control 

0 

56 

LPS-I 

340 

68 

<0.001 

0.081' 

LPS-II 

334 

101 

<0.001 

0.004 

HPS-I 

21 

146 

<0.001 

<0.001 

HPS-II 

33 

* 

124 

<0.001 

<0.001 

BUG-I 

343 

203 

0.001 

<0.001 

BUG-II 

355 

124 

0.106* 

<0.001 

RED-I 

21 

135 

0.001 

<0.001 

RED-II 

37 

90 

<0.001 

<0.001 

WHITE-I 

57 

101 

<0.001 

<0.001 

WHITE-II 

62 

68 

<0.001 

<0.001 

* not  significant 
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Figure  5-11.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
6 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  at  a right  angle  to  and  south  of  the  direction  of  the  ocean 
(open  arrow).  Treatments  varied  according  to  the  number  of  LPS  lamps 
illuminating  the  light  source:  none  (A),  one  (B),  two  (C),  three  (D),  or 
four  (E).  Hatchlings  were  significantly  directed  (Rayleigh  test,  a=0.05) 
in  all  treatments. 


Figure  5-12.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
3 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  at  a right  angle  to  and  south  of  the  direction  of  the  ocean 
(open  arrow).  Treatments  varied  according  to  the  number  of  LPS  lamps 
illuminating  the  light  source  in  addition  to  a single  25  W white 
incandescent  lamp:  no  lamps  lighted  (A),  only  the  25  W white  lighted  (B), 
one  LPS  lighted  only  (C),  25  W white  and  one  LPS  lamp  (D),  25  W white 
and  two  LPS  lamps  (E),  25  W white  and  three  LPS  lamps  (F),  or  25  W 
white  and  four  LPS  lamps  (G).  Hatchlings  were  significantly  directed 
(Rayleigh  test,  a =0.05)  in  all  treatments. 


Figure  5-13.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r = 1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
6 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  at  a right  angle  to  and  south  of  the  direction  of  the  ocean 
(open  arrow).  Treatments  varied  according  to  the  number  of  LPS  lamps 
illuminating  the  light  source  in  addition  to  a single  25  W white 
incandescent  lamp:  no  lamps  lighted  (A),  only  the  25  W white  lighted  (B), 
one  LPS  lighted  only  (C),  25  W white  and  one  LPS  lamp  (D),  25  W white 
and  two  LPS  lamps  (E),  25  W white  and  three  LPS  lamps  (F),  or  25  W 
white  and  four  LPS  lamps  (G).  Hatchlings  were  significantly  directed 
(Rayleigh  test,  a=0.05)  in  all  treatments. 


Figure  5-14.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r= 1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
3 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  25  W white  incandescent  lamp:  no 
lamps  lighted  (A),  only  the  25  W white  lighted  (B),  one  LPS  lighted  only 
(C),  25  W white  and  one  LPS  lamp  (D),  25  W white  and  two  LPS  lamps 
(E),  25  W white  and  three  LPS  lamps  (F),  or  25  W white  and  four  LPS 
lamps  (G).  Hatchlings  were  significantly  directed  (Rayleigh  test,  a=0.05) 
in  all  treatments  except  B (r=0.19,  P=0.3). 
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Figure  5-15.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r= 1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
6 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  25  W white  incandescent  lamp:  no 
lamps  lighted  (A),  only  the  25  W white  lighted  (B),  one  LPS  lighted  only 
(C),  25  W white  and  one  LPS  lamp  (D),  25  W white  and  two  LPS  lamps 
(E),  25  W white  and  three  LPS  lamps  (F),  or  25  W white  and  four  LPS 
lamps  (G).  Hatchlings  were  significantly  directed  (Rayleigh  test,  a=0.05) 
in  all  treatments. 
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Figure  5-16.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
3 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  150  W white  incandescent  lamp:  no 
lamps  lighted  (A),  only  the  150  W white  lighted  (B),  one  LPS  lighted  only 
(C),  150  W white  and  one  LPS  lamp  (D),  150  W white  and  two  LPS 
lamps  (E),  150  W white  and  three  LPS  lamps  (F),  or  150  W white  and 
four  LPS  lamps  (G).  Hatchlings  were  significantly  directed  (Rayleigh  test, 
a=0. 05)  in  all  treatments  except  F (r=0.13,  P=0.6)  and  G (r=0.30, 
P=0.07). 


Figure  5-17.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
6 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  150  W white  incandescent  lamp:  no 
lamps  lighted  (A),  only  the  150  W white  lighted  (B),  one  LPS  lighted  only 
(C),  150  W white  and  one  LPS  lamp  (D),  150  W white  and  two  LPS 
lamps  (E),  150  W white  and  three  LPS  lamps  (F),  or  150  W white  and 
four  LPS  lamps  (G).  Hatchlings  were  significantly  directed  (Rayleigh  test, 
a=0.05)  in  all  treatments  except  D (r=0.19,  P=0.4)  and  F (r=0.16, 
P=0.5). 


Figure  5-18.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
3 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  HPS  lamp:  no  lamps  lighted  (A),  only 
the  HPS  lamp  lighted  (B),  one  LPS  lighted  only  (C),  HPS  and  one  LPS 
lamp  (D),  HPS  and  two  LPS  lamps  (E),  HPS  and  three  LPS  lamps  (F),  or 
HPS  and  four  LPS  lamps  (G).  Hatchlings  were  significantly  directed 
(Rayleigh  test,  a =0.05)  in  all  treatments. 


Figure  5-19.  Mean  orientation  vectors  of  loggerhead  hatchlings  (n=30,  each  treatment) 
on  the  beach  at  Indian  River  County,  Florida.  Hatchling  groups  having 
mean  vectors  extending  closest  to  the  outside  of  the  circle  (approaching 
r=1.0)  are  the  most  directed.  The  light  source  (open  box)  was  presented 
6 m from  the  hatchling  release  point  at  the  center  of  a 4 m diameter  beach 
arena,  and  was  opposite  the  direction  of  the  ocean  (open  arrow). 
Treatments  varied  according  to  the  number  of  LPS  lamps  illuminating  the 
light  source  in  addition  to  a single  HPS  lamp:  no  lamps  lighted  (A),  only 
the  HPS  lamp  lighted  (B),  one  LPS  lighted  only  (C),  HPS  and  one  LPS 
lamp  (D),  HPS  and  two  LPS  lamps  (E),  HPS  and  three  LPS  lamps  (F),  or 
HPS  and  four  LPS  lamps  (G).  Hatchlings  were  significantly  directed 
(Rayleigh  test,  a =0.05)  in  all  treatments  except  D (r=0.20,  P=0.3). 


Figure  5-20.  Circular  histograms  showing  the  orientation  of  loggerhead  hatchlings 

(n=30,  each  treatment)  on  the  beach  at  Delray  Beach,  Florida.  Releases 
were  conducted  during  two  separate  nights  on  which  eight  LPS  luminaires 
on  the  dune  (230°-310°)  were  either  illuminated  (ON)  or  not  (OFF).  The 
lengths  of  radiating  lines  are  proportional  to  the  number  of  hatchlings  that 
oriented  in  respective  directions.  Numerous  lighted  complexes  composed 
of  HPS,  MV,  and  incandescent  lighting  were  located  at  185°-270°. 
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Figure  5-21. 


Circular  histograms  showing  the  orientation  of  loggerhead  hatchlings 
(n=30,  each  treatment)  on  the  beach  at  Delray  Beach,  Florida.  Releases 
were  conducted  during  two  separate  nights  on  which  eight  LPS  luminaires 
on  the  dune  (230°-310°)  were  either  illuminated  (ON)  or  not  (OFF). 
Shaded  circles  represent  the  position  of  two  additional  lighted  LPS 
luminaires  placed  3 m from  the  hatchling  release  point.  The  lengths  of 
radiating  lines  are  proportional  to  the  number  of  hatchlings  that  oriented  in 
respective  directions.  Numerous  lighted  complexes  composed  of  HPS, 
MV,  and  incandescent  lighting  were  located  at  185° -270°. 
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Figure  5-23.  Irradiance  spectra  taken  on  the  loggerhead  nesting  beach  at  Delray  Beach, 
Florida,  on  the  night  when  eight  LPS  luminaires  on  the  dune  backing  the 
beach  were  not  illuminated.  Measurements  were  taken  2 cm  from  the  sand 
surface,  facing  90°  (ocean),  210°  (southwest),  and  180°  (dune).  Weather 
was  partly  cloudy  and  there  was  no  moon  at  the  time  measurements  were 
taken.  Measurements  were  made  with  an  Oriel  photomultiplier-detector 
spectroradiometer  using  a monochrometer  slit  width  of  3.16  mm  (bandpass 
resolution =20  nm). 
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CHAPTER  6 

SUMMARY  AND  CONCLUSIONS 


Sea  turtles  undertake  the  act  of  sea-finding  after  emerging  from  nests 
predominately  at  night.  Loggerhead  hatchlings,  in  what  may  be  the  pattern  for  other  sea 
turtle  species,  have  a peak  in  nest  emergence  activity  near  midnight,  although  emergences 
occurring  at  dawn,  dusk,  and  during  rainstorms  add  to  the  large  number  of  photic 
conditions  under  which  hatchlings  must  accomplish  their  orientation  goal.  Hatchling  sea 
turtles  rely  primarily  on  the  visual  sense  to  assimilate  the  information  required  for  sea- 
finding. Within  this  one  sense,  however,  multiple  visual  modalities  provide  the  basis  for 
a set  of  rules-of-thumb  by  which  the  seaward  direction  is  judged.  I have  presented 
evidence  that  color,  brightness,  and  shape  are  important  photic  cues  that  define  these 
rules-of-thumb. 

The  use  of  color  cues  by  sea-finding  hatchlings  implies  the  ability  to  discriminate 
among  colors.  Sea  turtle  hatchlings  display  an  attraction  for  short-wavelength  and  white 
light,  but  in  the  orientation  of  both  loggerheads  and  green  turtles,  I found  a reduced 
attraction  for  of  sources  emitting  light  in  the  yellow  region  of  the  spectrum.  In  green 
turtles,  published  electrophysiological  data  show  retinal  sensitivity  peaking  in  the  yellow 
region  of  the  spectrum,  yet  behavioral  data  show  little  attraction  for  yellow  light.  In 
loggerhead  hatchlings,  the  discounting  of  yellow  light  is  manifested  as  an  aversion 
response,  or  xanthophobia.  In  experiments  both  under  laboratory  and  field  conditions, 
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hatchling  loggerheads  oriented  away  from  sources  emitting  monochromatic  green-yellow 
to  orange-red  light  (580-630  nm).  Moreover,  broad-spectrum  light  sources  attractive  to 
loggerhead  hatchlings  were  made  less  attractive  by  increasing  their  intensity  with  the 
addition  of  yellow  light.  The  adaptive  significance  of  discounting  yellow-rich  light 
sources  may  involve  the  correction  of  seaward  orientation  in  natural  light  fields  dominated 
by  a yellow-rich  celestial  source  in  a competing  direction.  In  a somewhat  crude 
experiment  involving  the  chromic  deprivation  of  loggerhead  hatchlings  orienting  on  a 
south-facing  beach  at  dawn,  however,  I was  unable  to  support  this  hypothesis.  Despite 
this  result,  the  potential  influence  of  rising  and  setting  celestial  sources  remains  the  most 
tenable  explanation  for  this  behavior.  Given  the  importance  of  photic  behavior  to  sea 
turtle  hatchlings,  it  is  difficult  to  accept  that  an  attribute  of  this  behavior  has  not  been 
shaped  by  selection  against  improper  sea-finding. 

Although  the  orientation  of  hatchling  sea  turtles  relative  to  brightness  cues  has 
been  thoroughly  reported  in  previous  work,  it  had  been  incompletely  defined.  As  part  of 
a spectral  definition  for  brightness  relative  to  hatchling  sea  turtles  and  sea-finding,  I 
determined  the  behavioral  response  of  four  sea  turtle  species  to  spectral  light. 

Loggerhead,  green  turtle,  hawksbill,  and  olive  ridley  hatchlings  each  responded  to  light 
from  the  near-ultraviolet  to  orange  range,  although  sensitivity  (as  measured  by  attraction) 
was  highest  in  the  ultraviolet  to  green  region.  Directional  attributes  of  brightness  were 
determined  for  loggerhead  hatchlings  by  measuring  their  orientation  in  light  fields  of 
known  directivity.  I found  loggerheads  to  orient  in  a direction  that  matched  the  most 
radiant  direction  as  measured  by  a "brightness  detector"  with  an  angle  of  acceptance 
(AO A)  spanning  180°  azimuthal ly  and  *60°  (±30°)  vertically. 
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To  determine  whether  loggerhead  hatchlings  follow  brightest  direction  orientation 
(BDO)  in  the  field,  I created  a "brightness  detector"  with  which  to  measure  brightest 
direction.  This  "brightness  detector"  had  spectral  and  directional  characteristics  based  on 
hatchling  orientation  experiments  described  above.  The  characteristics  of  the  detector 
were  1)  spectral  sensitivity  in  the  region  of  the  spectrum  attractive  to  loggerhead 
hatchlings  (500  nm),  and  2)  an  AOA  of  approximately  180°  azimuthally  and  60° 
vertically.  Tests  of  brightest  direction  orientation  (BDO)  using  this  "brightness  detector" 
under  a variety  of  photic  conditions  on  nesting  beaches  revealed  that  brightest  direction 
and  loggerhead  hatchling  orientation  were  often  different.  Although  measurements 
indicated  some  effect  of  brightest  direction  on  hatchling  orientation,  other  cues  were 
apparently  being  assessed  as  well. 

In  cue-conflict  experiments  in  the  laboratory  and  form  vision  deprivation 
experiments  in  the  field,  I found  both  an  ability  for,  and  a dependence  on,  form  vision. 

In  both  sets  of  experiments,  however,  an  interplay  of  BDO  and  orientation  with  respect  to 
shape  was  detected.  In  laboratory  experiments,  loggerhead  hatchlings  oriented  either 
away  from  vertical  stripes  counter  to  the  brightest  direction,  or  in  the  brightest  direction 
irrespective  of  the  striped  direction,  depending  on  the  directivity  of  the  light  field.  In 
highly  directed  light  fields,  and  when  waxpaper  obliterated  form  vision,  hatchlings 
oriented  in  the  brightest  direction.  In  a less  directed  light  field,  hatchlings  oriented  away 
from  vertical  stripes  even  though  the  striped  direction  was  brightest.  In  field  experiments 
on  an  east-facing  beach  during  a setting  moon,  loggerhead  hatchlings  in  a clear  cylinder 
oriented  seaward,  whereas  hatchlings  with  waxpaper  obliterating  form  vision  oriented 
landward,  in  the  brightest  direction. 
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The  data  suggest  that  the  rules-of-thumb  dictating  hatchling  orientation  during  sea- 
finding are  an  integrated  set  rather  than  a hierarchy.  That  is,  multiple  rules  (BDO, 
orientation  away  from  vertical  shapes,  xanthophobia)  may  be  weighed  together  for  an 
orientation  decision,  rather  than  a single  rule  dominating  others.  Moreover,  the  influence 
of  a given  rule  an  orientation  decision  appears  contingent  on  the  strength  of  the  cue  that 
defines  the  rule.  Loggerhead  turtles  not  only  assess  brightest  direction  and  the  direction 
of  shape  cues,  but  assign  values  to  these  stimuli  as  well.  If  the  brightest  direction  is  only 
slightly  more  so  than  competing  directions,  then  the  position  of  shapes  may  dictate 
orientation  direction.  If  the  brightest  direction  is  much  greater  than  competing  directions, 
then  the  brightest  direction  may  dictate  orientation  direction.  Although  as  yet  unmeasured 
for  sea  turtle  hatchlings,  shape  cues  too  may  have  stimulus  strength.  For  example, 
orientation  experiments  with  toads  (Bufo  bufo:  Ewert,  1976)  and  camel  ticks  (Hvalomma: 
Kaltenrieder,  1990)  show  that  cutout  shapes  approximating  the  configurations  of  prey 
animals  are  chosen  over  other  silhouettes.  In  toads,  objects  that  only  superficially 
resemble  environmental  features  apparently  provide  key  stimuli  eliciting  specific 
responses,  either  movement  toward  (for  horizontal  configurations,  "prey")  or  away  (for 
vertical  configurations,  "predator")  (Ewert,  1976).  I also  observed  an  integration  of  BDO 
and  xanthophobia  rules-of-thumb.  In  chromic  cue-conflict  experiments,  I found  that 
enriching  an  attractive,  white  light  source  with  aversive,  monochromatic  yellow  light 
decreased  the  attraction  of  loggerhead  hatchlings  to  the  source. 

Unfortunately,  a modern  consequence  of  the  partial  dependence  on  the  BDO  rule- 
of-thumb  in  sea  turtle  hatchlings  is  misorientation  on  lighted  beaches.  Because  of  the 
high  directivity  of  anthropogenic  light  sources,  these  artificial  light  cues  override  the 
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natural  cues  available  to  hatchlings.  Given  what  is  known  of  the  cues  assessed  by  sea- 
finding hatchlings,  a strategy  to  correct  orientation  on  lighted  beaches  may  be  not  only  to 
reduce  the  stimulus  provided  by  the  lighting,  but  also  to  augment  the  shape  stimuli 
identifying  the  dune  direction.  Although  as  yet  not  quantified,  it  is  possible  that  shape 
stimuli  prompting  orientation  away  from  the  dune  could  be  strengthened  by  the  addition 
of  vertically-positioned  vegetation. 

A better  strategy  is  to  reduce  the  lighting  stimulus.  Owing  to  the  disparity 
between  human  and  sea  turtle  spectral  sensitivity,  and  the  unique  manner  in  which 
hatchlings  behave  toward  yellow  light,  low  pressure  sodium  vapor  (LPS)  luminaires  show 
the  greatest  promise  as  a substitute  for  more  disruptive  forms  of  lighting.  LPS  lighting 
provides  the  least  disruption  to  sea- finding  in  loggerheads,  although  the  substitution  of 
LPS  lighting  also  could  reduce  misorientation  in  green  turtles,  and  likely,  hawksbills  and 
olive  ridleys.  Although  the  effects  of  LPS  lighting  on  hatchling  sea  turtles  are  less  than 
effects  of  other  lighting  types,  efforts  to  darken  nesting  beaches  should  continue. 

Whereas  other  mitigative  techniques  may  compose  part  of  a comprehensive  effort  to 
reduce  hatchling  mortality  from  beach  lighting,  the  primary  goal  of  a sound  conservation 
strategy  should  be  to  eliminate  artificial  light  sources  visible  from  nesting  beaches. 
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